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Abstract
Channel fading and co-channel interference are two major sources o f system performance 
degradation in wireless cellular networks. In recent years, multiple-input-multiple-output (MIMO) 
systems with adaptive array processing techniques, also referred to as smart antennas, have received 
extensive attention in wireless communications due to their ability to combat the above mentioned 
problems. Beam-forming is one o f most promising techniques employed by smart antennas in 
order to increase signal to interference and noise ratio (SINK) by mitigating co-channel interference 
thanks to increased received signal power. Another most widely used technique is called antenna 
diversity which is used by smart antennas to combat fading effects.
This work focuses on transmit beam-forming techniques for uplink direction o f WCDMA cellular 
systems where user terminals are equipped with antenna arrays and utilizing both antenna diversity 
and beam-forming techniques.
Effect o f limited information and imperfect feedback channel was investigated and based on 
availability o f channel state information, practical and optimum transmission diversity schemes 
were mathematically analysed and verified by link and system level simulations. Antenna diversity 
impacts at both receiver and transmitter side was investigated. Impact o f flat fading channel, 
frequency selective channel, correlation between transmit or receive branches and feedback delay 
for single and cellular multi user scenarios were studied.
Two novel transmit beam-forming techniques were proposed. It was shown that capacity and 
coverage o f uplink o f WCDMA system can be improved by 92% in flat fading channel and up to 
46% in frequency selective channel, and at the same time, system coverage can be increased by 
41% and 19% respectively.
Key Words: MIMO, Transmit Beam-forming, Antenna Diversity, Limited Feedback, HSUPA, 
UMTS, WCDMA, Multiple Access Channel, Rayleigh Fading
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Chapterl. Introduction
Chapter 1
1 Introduction
1.1 Introduction
Information theory was formally initiated in 1948 by Shannon in his pioneering work [1] in which 
he showed that reliable communication between a transmitter and a receiver was possible even in 
the presence o f a noisy channel. For a given channel, the maximum information transmission rate 
at which the transmitter and receiver can communicate with an arbitrarily low probability o f error 
and no delay constraints is, since then, called the channel capacity. For the particular case o f a unit- 
gain band-limited continuous channel corrupted with additive white Gaussian noise (AWGN), 
Shannon obtained his celebrated formula for the capacity as following:
PT h  PmC = W.log2-^T-!L (u)
1
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Where W, PT and PN represent the bandwidth, the average transmitted power, and the noise 
power, respectively. The channel capacity is usually measured in bits per transmission. If the 
dependence o f the capacity on the bandwidth is omitted by normalizing the capacity by the used 
bandwidth, spectral efficiency will be obtained, which is usually measured in bits per second per 
hertz.
Due to the logarithmic dependence o f the spectral efficiency on the transmitted power, it is 
extremely expensive to increase the capacity by radiating more power. For example, for a 
sufficiently high signal to noise power ratio (SNR), doubling the transmitted power just yields only 
one extra bit per second per hertz o f spectral efficiency. In addition, increasing the transmitted 
power, especially in the mobile terminal, is not encouraged since it may violate regulation power 
masks and may not help overall system performance due to negative interference effect.
Another approach to increase the capacity consists in utilizing a wider electromagnetic band. 
However, as many other natural resources, the electromagnetic spectrum is a scarce good and in 
general, regulated by the governments through the awarding of licenses, which are extremely 
expensive. Consequently, it is essential to utilize the bandwidth in the most efficient way. Some 
theoretical studies [2,3,4] and also practical implementations [5], have shown that there exists an 
alternative technique which can increase the capacity without neither transmitting more power nor 
occupying a wider band when the channel exhibits rich scattering and its variations are accurately 
tracked by, at least, the receiver. This technique consists in utilizing multiple antennas at both the 
transmitter and the receiver ends. Utilizing an array o f antennas just at the receiver side dates back 
from the sixties, and then it was used with the only purpose to provide robustness again deep fades. 
Each receiving antenna was used to collect incoming energy, and then, by combining properly the 
different received signals, the SNR (and thus capacity) was increased. Although no extra power is 
needed, the increase in capacity still has a logarithmical dependence on the SNR, which makes this 
solution rather inefficient. Utilizing multiple antennas both at the transmitter and receiver ends 
gives rise to the so called multi-input multi-output (MIMO) systems with respect to single input 
single output (SISO) systems.
1.2 Motivations
If a fading radio signal is received through only one channel, then in a deep fade, the signal could 
be lost, and there is nothing that can be done. Transmit diversity is a way to protect against deep 
fades and improve average SNR and reduce SNR variations. Increased SNR could be interpreted as 
reductions in required transmit power as well. For a mobile user in the cellular system, the user 
experience is often limited by the UE’s transmit power. In the case o f a cell edge user, due to
2
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transmit power limitation, it has to transmit at a low date rate, or possibly not establish a call. The 
technique o f transmit diversity is useful to improve these situations. Transmit Diversity 
Wireless transmission over fading channels is subject to multipath fading and multi-access 
interference (MAI) among other phenomenon that cause degradation o f the overall quality o f the 
communication system. Reflection, diffraction, and scattering are the main causes o f multipath 
propagation which in turn causes fading effect in the radio channel. Because o f the multiplicity o f  
factors involved in propagation in a wireless mobile environment, it is convenient to apply 
statistical methods in order to describe signal variations. Statistical models for the wireless fading 
channel have been studied widely along with wireless communication techniques.
Transmit diversity implies that the information is transmitted over two or more transmission 
channels. This diversity can be achieved in different ways. Examples o f diversity techniques that are 
used in order to improve the performance are space, time, frequency, polarization and angle 
diversity. With the space diversity technique the antennas at e.g. the transmitter side are separated. 
This will mean that, if the distance is big enough, the signals from the two antennas will be affected 
by two different channels during their transmission.
Antenna-diversity implementations consist o f two or more antennas and a circuit to combine the 
antenna signals in an optimum way. The performance o f an antenna-diversity system is better than 
a single-antenna transmission configuration. As mentioned before, in wireless point-to-point links, 
multiple antennas could be employed to increase the spectral efficiency and the performance o f  
wireless systems. On the other hand, in multiuser scenarios, multiple antennas at the base or even 
at the mobiles require the development o f new transmission strategies in order to achieve the 
benefits o f using the spatial domain. In a MIMO multiple access channels (MAC), the optimum 
transmission strategy depends on the objective function, the power constraints, the channel 
statistics or the channel realization, the type o f channel state information (CSI), and the SNR range. 
The analysis o f multiuser MIMO systems is very important since usually more than one user is 
involved in cellular systems.
Despite the fact that the ultimate performance o f any communication system is dictated by the 
theoretical capacity limits, in the vast majority o f cases the system designer has practical constraints 
(e.g. time delay, complexity, power limitations) which separate the rates that can be achieved by the 
system from the capacity limits. The achievable rates and the transmission strategy depend on 
various parameters [6], to name a few:
•  Structure o f the wireless MIMO system. In the common cellular approach, many mobiles
share one base station which controls the scheduling and transmission strategies, for
example, power control mechanism is done in a centralized manner and the inter- and
intra-cell interference can be controlled by spectrum, time and power allocation. In MIMO 
systems the space, is available for allocation purposes as an additional dimension.
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•  Transmit strategies. The transmit strategies o f the participating mobiles affects the 
achievable rate and the performance metrics o f whole system. The transmit strategies 
depend on the type o f CSI at the transmitter, that is, the more CSI is known about the own 
channel as well as about the other users’ channels and the interference, the more adaptive 
and smart transmission strategies can be applied.
•  Receiver strategies. Different decoding and detection strategies can be used at the 
receiver. The range leads from single-user detection algorithms which treat the other users 
as a noise up to linear and nonlinear multiuser detection algorithms. Nevertheless, the 
receiver architecture depends on the type o f CSI, too.
•  Deployment scenarios. In general, an important factor is the scenario in which the wireless 
system works. In home or office scenarios, the system parameter heavily differs from 
parameters in public access, hot spots, or high velocity scenarios.
As a common practice, because o f practical constrains, the system designer tries to maximize some 
practical performance measure, instead o f aiming at reaching the capacity limits. In this sense, 
practical MIMO communication system designers have two primary tasks. Firstly, the designer has 
to define a practical global objective function suitable for the purpose o f the communication 
system, and then identifying system parameters that optimize the system objective function such as 
bit error rate (BER) or signal to noise plus interference ratio (SINR).
1.3 Objectives
The aim o f this dissertation will be devoted to analysis o f the practical antenna transmit schemes in 
presence o f limited CSI at the transmitter side and effect o f multiple antenna transmit 
strategies/algorithms on overall system performance metrics.
Generally, multiple transmit antennas are deployed at base stations (BS) or access points (AP) 
rather than mobile stations (MS) or user equipments (UE) in order to avoid complexity at MS side. 
During this work, effects o f  implementing smart antennas at mobile stations by considering some 
practical constrains such as limited CSIT and feedback delay will be studied.
System level evaluations have got an immense effect on final verdict about performance o f any 
MIMO configuration. Any imperfect or undesired operation o f smart antennas can severely 
degrade the entire system performance. For example, as shown in [7], even though space-time 
coding diversity technique shows a great performance gain against single antenna transmission in 
link level, but from system level point o f view, when it is utilized using a greedy scheduler, the 
system throughput becomes worse than a single antenna transmission scheme. It is a common 
practice to do the system level evaluations before deploying the system.
4
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1.4 Contributions
The original contributions o f this research includes following items:
•  Two novel algorithms for transmit beam-forming are proposed
•  Effect o f transmit beam-forming on system capacity and coverage, as well as transmit 
power gains is investigated
•  Closed form equations for SNR o f practical transmit beam-forming algorithms are 
deduced
One or two patents are in filing process for proposed novel algorithms. These contributions are 
important in the sense that employing the proposed techniques in an uplink multiple access 
channel may lead to improvements in system key performance metrics such as:
•  Higher data rates for uplink o f user terminals
•  Increased cell coverage area and better cell edge users’ performance (increased data rates, 
reduction in dropping ratio)
•  Reduction in user terminals transmit power (increased battery lifetime)
1.5 Outline of the Thesis
•  In chapter 2, basics o f MIMO systems were described with emphasis on transmit beam- 
forming techniques and limited feedback issues. Related topics together with state o f the 
art were reviewed. The fading channel properties with performance o f the perfect beam- 
forming schemes in flat fading channels were explained in details. Optimum and sub­
optimum methods based on perfect channel state information analysed and characteristics 
o f beam-forming weights and combing methods explained in details.
•  In chapter 3, state o f the art practical beam-forming schemes are described and two novel 
practical algorithms were proposed. Analytical discussions have been made for practical 
algorithms and closed form equations for SNR were deduced. Interaction o f the practical 
algorithms with other components o f the uplink system has been described in details. 
Implications o f employing the novel algorithms were studied and required modifications in 
the legacy systems were noted.
•  In chapter 4, a comprehensive evaluation framework for single UE and multi UE scenarios 
was described and its components were explained in details. Simulation methodology with 
definitions o f system key performance indexes is provided. Performance o f diversity 
schemes are evaluated in flat fading and frequency selective channels, under different 
correlation factors. The results are summarised and observations were discussed.
•  In chapter 5, conclusions are deduced and possible future research directions were drawn.
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Chapter 2
2 Overview of Multi-Antenna 
Communication Systems
As mentioned in Chapter 0, future wireless mobile services demand much higher data bit-rate 
transmission. In order to increase the capacity o f the SISO systems to meet such demand, the 
bandwidth and transmission power have to be increased significantly.
In this thesis, finding an optimal description for the MIMO systems in different scenarios is not the 
main topic, but the work has been done towards identifying and analysing the key performance 
parameters o f MIMO systems which are related to transmit diversity. A very basic MIMO 
transmission model has been selected, which is not always satisfied in practice, but is strong enough 
to provide basic insights into MIMO communications while being simple in its analytical 
representation. An overview o f the potential benefits o f MIMO systems can be found in [8]. Firstiy 
Rayleigh fading channel has been introduced where the fading is the main source o f performance 
degradation o f a wireless communication system, and then an overview on different MIMO 
techniques and the rule o f channel state information is provided.
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The final section o f this chapter, which describes optimum and sub-optimum transmit beam- 
forming using perfect channel state information, is quite important for this study, as it draws the 
upper bands o f achievable rates for practical beam-forming schemes, which are discussed in 
chapter 3.
2.1 Mobile Radio Propagation Channels
The wireless characteristic o f the channel places fundamental limitations on the performance o f  
wireless communication systems. Wireless channels are random and are not easily analysed due to 
the diverse environments, the morion o f the transmitter, the receiver, and the surrounding objects. 
In this section, characteristics o f wireless channels are discussed and the Rayleigh flat-fading 
channel model is explained in detail.
In a mobile wireless environment, the surrounding objects act as reflectors o f electromagnetic 
waves. Due to these reflections, electromagnetic waves travel along different paths o f varying 
lengths and therefore have various amplitudes and phases. The linear superposition o f these waves 
causes multiple fading at the receiver location, and the strength of the waves decreases as the 
distance between the transmitter and the receiver increases.
Traditionally, propagation modelling focuses on two aspects. Propagation models that predict the 
mean signal strength for an arbitrary transmitter-receiver separation distance are called large-scale 
propagation models since they characterize signal strength over large transmitter-receiver distances 
[9]. Propagation models that characterize the rapid fluctuations o f the received signal strength over 
very short travel distances or short time durations are called small scale or fading models. Small- 
scale fading is affected by many factors, such as multdple-path propagation, velocity o f the 
transmitter and receiver, velocity o f surrounding objects, and the transmission bandwidth o f the 
signal. For narrowband systems, in which the bandwidth o f the transmitted signal is smaller than 
the channel’s coherence bandwidth, which is defined as the frequency range over which the 
channel fading process is correlated.
Slow fading arises when the coherence time o f the channel is large relative to the delay constraint o f  
the channel. In this regime, the amplitude and phase change imposed by the channel can be 
considered roughly constant over the period o f use. Slow fading can be caused by events such as 
shadowing, where a large obstruction such as a hill or large building obscures the main signal path 
between the transmitter and the receiver. The amplitude change caused by shadowing is often 
modelled using a log-normal distribution with a standard deviation according to the log-distance 
path loss model.
The Rayleigh distribution is commonly used to describe the statistical time-varying nature o f the 
received envelope o f a flat-fading signal, where the bandwidth o f the transmitted signal is smaller
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than the channel’s coherence bandwidth. For a typical mobile wireless channel in indoor or urban 
areas, it may be assumed that the direct line-of-sight wave is obstructed and the receiver obtains 
only reflected waves from the surrounding objects. When the number o f reflected waves is large, 
according to the central limit theorem, two quadrature components o f the received signal are 
uncorrelated Gaussian random processes with mean zero and variance 0.5. As a result, the 
envelope o f the received signal at any time instant has a Rayleigh distribution and its phase is 
uniform between —it  and n . There are two sources o f noise, multiplicative noise that is associated 
with the Rayleigh fading, and the usual additive receiver noise. This makes the Rayleigh fading 
channel essentially different from the Additive White Gaussian Noise (AWGN) channel [10]. 
Rayleigh fading significandy deteriorates the performance o f the communication system. It can be 
easily shown that under Rayleigh fading, the error probability o f an un-coded modulation scheme 
decays only inversely proportional with the received signal-to-noise-ratio (SNR) [10]. Compared to 
the AWGN channel, where the error probability decays exponentially, this means that substantially 
more power should be added in order to obtain the same decrease in the error probability.
The underlying fading model is very important for the design o f the communication system, since 
different fading models require different transmit and receive strategies. If the fading model is such 
that each transmitted symbol is affected independently, this effect can be averaged out by using 
long channel codes. This is the case o f fast fading. The performance o f this channel will then 
approach the performance o f the AWGN channel. However, very often is the case that the channel 
is constant for a longer period o f time which spans a lot o f transit symbols. In this case, when a bad 
channel realization (small amplitude) takes place, a long sequence o f transmit symbols will be 
affected and most certainly the whole sequence will be in error. The extreme example is the so 
called slow fading or quasi-static fading model where it is basically assumes that the channel is 
constant for the total duration o f the transmission. In this case, channel coding cannot average out 
the effects o f the fading, since when the channel is bad, it remains bad for the duration o f channel 
coding blocks o f practical relevance.
2.1.1 Block Fading Channel
In the previous section two different channel models have been introduced. The first one assumed 
that the channel changes between each transmitted symbol in an independent realization. The other 
model was the quasi static or the slow fading model where the channel coherence time is larger 
than the delay requirement for the system and thus the channel is constant for the whole duration 
o f the transmission. In reality, it is very often the case that the channel is constant for a finite period 
of time T and then changes to a different, independent realization. The propagation coefficients are 
assumed to be constant for T symbol periods, after which they change to new independent random
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values which they maintain for another T symbol periods, and so on. This is the block fading 
model introduced by Marzetta and Hochwald in [11]. This piecewise-constant fading process 
approximates, in a tractable manner, the behaviour o f a continuously fading process such as Jakes 
[12]. Furthermore, it is a very accurate representation o f many time-division multiple access 
(TDMA), frequency-hopping, or block-interleaved systems [11]. The random channel coefficients 
are modelled as independent, identically distributed, zero-mean, circularly symmetric complex 
Gaussian random variables o f unit variance.
If narrowband is assumed for transmission media and antennas are sufficiently spaced and also 
sufficient scattering exists and there is no line o f sight component for the channel, then with this 
assumptions the channel may be expressed as a fiat block fading channel (c.f. 2.1.1), and the 
channel matrix H  6  £ MrxMt can be expressed as:
antenna and it is constant over a block o f symbols, and distributed according to C N  (0 ,1) [10].
Let L denote number o f multipath components o f the channel and if there is only one single 
receiver antenna, then channel H can be expressed as:
2.1.2 Flat Block Fading Channel
where hy  denotes the complex channel response from the jth transmit antenna to the ith receive
2.1.3 Multipath Block Fading Channel
and matrix R  =  H HH  may be expressed as:
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2.2 Multiple Input Multiple Output Systems
MIMO transmission systems have attracted attention in wireless communications, since they offer 
significant increases in data throughput and link range without additional bandwidth or transmit 
power. The technology figures prominendy on the list of recent technical advances with a chance 
of resolving the bottleneck of traffic capacity in future wireless networks.
In the MIMO systems, multiple antenna elements are required at both transmitter and receiver, as 
shown in Figure 2-1. Usually the Rayleigh fading caused by the multipath signal propagation is 
considered to be a severe problem in a wireless communication channel. However, the MIMO 
system exploits the multipath signals to increase the system capacity.
| Receiver !T ransm itter
W 1
>
>
Figure 2-1: A MIMO system utilizing Mt antenna elements in transmitter and  
Mr antenna elements at receiver.
For a multiple antenna system with Mt transmit and Mr receive antennas, with the total transmit 
power P, the system model equation is given by:
y  = yfPHs + n (2.4)
Where E [ |s |2] =  1 and n  E (CMrXl is additive white Gaussian noise term and distributed 
according to CJ\f(0, AZ0) where A/0 is determined for the specific system. H 6 (CMrXMt denotes 
the channel matrix where hij denotes the channel coefficient between jth  transmitter and ith 
receiver.
The instantaneous received SNR is defined as:
s N R = ^ X , X J h (2.5)
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The above definition o f MEMO transmission systems is quite general and independent o f the 
channel model assumed. However, when it comes to the capacity and error performance o f a 
certain MJMO system, the channel model plays a crucial role.
In a narrowband MEMO system with Mt transmit elements and Mr receive elements, the complex 
transmission coefficient between element k G [1, . . ,  Mr] at the transmitter and element j  E 
[1 ,.., Mt] at the receiver at time t is represented by hjk(t). Channel coefficient matrix, H(t)  can 
be shown as:
/  fonO) h12(t) ••• h1Mt(t) \
# ( 0  =  : : (2.6) 
h M r 2 (0 ••• h M r M t ( f ) J
If signal vector x( t)  =  [x1(t'),x2(_t), ...,xnr(t)]r, where xk(t) is the transmitted signal from k th 
element would result in the signal vector y ( t )  =  [y1 (t), y 2 ( t ) , , ynR (t)]r being received where
where n (t) presents the noise vector. In the rest o f the thesis, the explicit time dependency is 
dropped for simplicity. Basically, the MIMO system enables multiple data streams to be transmitted 
simultaneously on the same time and frequency, hence increasing the bandwidth efficiency by the 
number o f data streams employed [4]. The capacity for the MIMO system, with perfect receiver 
CSI and for a memoryless (independent channel state for each transmission) is shown to be [4]:
Conceptually, the capacity for a MIMO system increased by achieving orthogonal sub-channels 
between transmitter and receiver through a rich scattering environment [13].
2.2.1 MIMO Channel Capacity
yj(t)  is the signal received by the j th element and
y(t) = + n(t) (2.7)
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2.2.2 Spatial Multiplexing
In Spatial Multiplexing (SM) independent data streams are transmitted simultaneously in parallel 
channels from each array element of antennas. The basic principle of SM is illustrated in Figure 2-2, 
where a MIMO system is established with two antenna elements at the transmitter side and two 
antenna elements at the receiver side.
Tx 1
Original m e ssa g e
T ransm itter
Tx 2
R x l
R eceived  m essa g e
R eceiver
Rx 2
Figure 2-2: Spatial Multiplexing
The bit stream of data to be transmitted is de-multiplexed into two sub-streams, then modulated 
and transmitted simultaneously from each transmit antenna. If the receiver has knowledge of the 
channel, i.e. CSI available at receiver side, then it can differentiate between the co-channel signals 
and detect both signals. After demodulating the received signals, the original sub-streams can be 
combined to construct the original bit stream of data.
In general, this technique assumes channel knowledge at the receiver and the performance can be 
further improved when the knowledge of the channel response is available at the transmitter [14].
2.2.3 Space Time Coding
An alternative method of exploiting MIMO channels, known as space-time coding, aims to 
improve the system’s performance by exploiting the multiple element antennas for diversity gain 
rather than for the spatial-multiplexing gain of parallel data streams. It increases network
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Chapter2. Oven’iew o f Multi-Antenna Communication Systems
throughput by selecting quality signal paths such that higher data rates can be achieved and 
avoiding signal paths that are likely to produce packet errors and retransmissions.
A space-time coded transmitter differs from that of a spatial multiplexing system in that a single 
data stream is encoded across both time and space to produce the symbol streams for each 
transmit element as shown in Figure 2-3. Appropriate decoding at the receiver allows a diversity 
gain to be achieved. This method is particularly attractive as it does not require channel knowledge 
in the transmitter.
Tx 1
Original m essage
Transmitter
Tx 2
Rx 1
Received m essage
Receiver
Rx 2
Figure 2-3: Space Time Coding
The resulting diversity gain improves the reliability of fading wireless links and hence improves the 
quality of the transmission.
It is noted that the space-time coding scheme does not increase the capacity linearly with the 
number of transmit/receive elements used. However, it maximises the wireless range and coverage 
by improving the quality of the transmission. In order to improve both range and capacity, a 
MIMO implementation requires to support both the SM and space-time coding schemes [14].
2.2.4 Channel State Information and MIMO
The CSI is a generic term utilized to express all kind of information related to the channel, which 
may include but not limited to, the cannel impulse response, the statistics of the received 
interferences, the statistics of the thermal noise. Both of transmitter and the receiver may have 
access to a certain degree of CSI. Therefore many possible design situations arise depending on the 
quantity and the quality of the available CSI.
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In the following, a general view of the most common situations o f CSI in multi-antenna systems 
has been shown. A more comprehensive description can be found in [15]. Usually the channel 
estimation and the estimation o f statistics o f the interference are performed at the receiver side 
during the training period where the transmitter sends a pilot or training sequence. It is assumed 
that the receiver has full and perfect access to the CSI during this study, which can be an optimistic 
approach in the sense that the CSI at the receiver is imperfect too.
Based on availability o f CSI at the transmitter side (CSIT) three different situations can be 
identified:
•  Perfect CSIT: The transmitter has full knowledge o f the instantaneous channel realization 
and/or the interferences statistics at the receiver side. In this case, since full information is 
available and design strategies are focused on the detection method at the receiver or on 
the performance metric [16].
•  N o  CSIT: The transmitter does not have any knowledge o f any parameter concerning the 
channel or the interferences at the receiver. A reasonable transmitter strategy could be 
utilizing space-time codes [17].
•  Partial CSIT: The transmitter has only partial knowledge o f the channel, which can be 
available through a low rate feedback link or through the channel reciprocity in time 
division duplex (TDD) systems. An example o f this kind o f uncertainty is the case where 
the transmitter has only access to the magnitude o f the channel matrix coefficients and has 
no information about the phase o f the entries o f the channel matrix [16]. This model is 
more carefully analysed and is the main topic o f this thesis.
Transmit diversity systems, which are using limited feedback channel (partial CSIT), are often 
referred to closed-loop systems, and they are called open-loop, if there is no knowledge o f the 
channel at the transmitter side (No CSIT).
2.2 A A Partial Channel State Information and Feedback Channel
Usually only imperfect and/or incomplete CSI is available at the transmitter side, since the receiver 
can accurately track the channel variations. One o f the first works to appear regarding imperfect 
CSIT is [18], where a multi-antenna transmitter was considered, which was informed either with a 
quantized version o f the channel or with a version o f the channel corrupted with Gaussian noise. 
For improving the mean SNR the optimal transmitter consisted in transmitting different data 
streams through the Eigen-modes o f the channel with a suitable power allocation among them.
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A very wide literature exists concerning the transmission schemes with incomplete CSIT. For 
example in [19], it was considered the case where, for a single receiving antenna, the multi-antenna 
transmitter was informed with either the magnitude o f the channel response or the phases. In case 
of magnitude knowledge it was shown that the optimal transmitter was transmitting only through 
the antenna with highest gain and in case o f phase information, a phase-former with the phases 
matched to those o f the actual channel would be the optimum. Another case o f incomplete CSI 
was studied in [20], in which the transmitter only has partial knowledge o f the eigenvector 
associated with the highest eigenvalue and transmission beam-forming was acquired as step-by-step 
updates, from the receiver through a low rate feedback channel, at a rate that was dependant to the 
Doppler frequency o f the channel.
Feedback channel is usually employed to provide instantaneous channel information to the 
transmitter. A low data rate channel on the reverse side o f the communication link can convey 
some information about forward link condition such as channel state, received signal strength or 
interference level, and this information can be used at the transmitter to adapt forward link 
transmission. History o f using feedback in communication systems goes back to very early works 
such as [21], [22]. Application of limited feedback to MIMO systems has received a considerable 
attention in the recent past. Even though MIMO diversity can be extracted without the need o f  
CSIT through other design approaches, such as space time codes, CSIT remains critical for the 
beam-forming and interference mitigation/cancellation techniques.
Authors in [23] have tried to use imperfect CSI through a limited feedback channel for maximizing 
MIMO system capacity. The idea was to use the fact that receiver knows the channel through the 
techniques such as training and uses this knowledge for quantization o f some function o f channel 
and feeding back this information to the transmitter. A very comprehensive survey about limited 
feedback applications in wireless communication can be found in [24].
2.2A2 Limited Feedback and Wireless Communications Standards
During the past decade, several applications o f limited feedback have been included in emerging 
wireless standards, such as adaptive coding and modulation, hybrid automatic repeat request 
(HARQ), power control and codebook based feedback pre-coding. Here a brief overview of  
application o f limited feedback concepts in some o f widely deployed industry standards is 
provided.
•  3 G P P  R e le a s e  9 9
Third generation partnership program (3GPP) features a wideband code division multiple 
access (W-CDMA) air interface [25], which uses fast power control feedback system on 
both forward and reverse links. It is also the first standard which supports beam-formig
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using codebooks on the forward link with two transmit antennas [26]. In R99 two types o f 
codebook based feedback are supported, in Mode 1, a version o f quantized equal gain 
combining (EGC) is employed where the phase o f second antenna is adjusted based on 
one bit feedback commands [27] [28]. Mode 2 utilises a type o f quantized maximum ratio 
combining (MRC). Two bits o f amplitude information and three bits o f phase information 
are fedback to the transmitter.
•  3 G P P  L T E
3GPP LTE (Long Term Evolution) is the evolution o f 3GPP Release 99 standard, which 
appeared at Release 8 o f standard [29]. LTE supports single and multiple user MIMO 
schemes [30]. There are several single user codebook based limited feedback schemes in 
LTE. Multi user support will be included in the next releases o f the standard. Two and four 
antenna codebook based pre-coding schemes are supported in the forward link. For two 
antennas, a beam-forming codebook with six vectors and a pre-coding codebook with 
three matrices are included. In the case o f four antennas, a four bit codebook is used for 
beam-forming and pre-coding with two, three and four streams [30].
•  I E E E  8 0 2 .1 6 e / W i M A X
IEEE is the world’s largest professional association dedicated to advancing technological 
innovation and excellence for the benefit o f humanity. IEEE 802.16e is the mobile 
extension to the IEEE 802.16d revision. It is often called by the name WiMAX (Wireless 
Interoperability for Microwave Access). Several codebook based limited feedback schemes 
are supported in the forward link. Two, three and four antenna three bits codebooks and six 
bits codebooks for beam-forming are supported [31].
2.3 Antenna Diversity
Antenna diversity has shown to improve mean SNR and reduce signal-level fluctuations in fading 
channels [32]. Antenna diversity can be utilized at the transmitter and/or receiver. Receive antenna 
diversity systems carefully combine multiple received copies o f the same signal in order to result in 
higher SNR [33]. The basic idea o f diversity is that, if  two or more independent signals are sent and 
then fade in an uncorrelated manner, the probability that all the signals are simultaneously below a 
given level is much lower than the probability o f any one signal being below that level. Thus, 
properly combining various signals reduces the severity o f fading and improves reliability o f 
transmission.
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Figure 2-4 illustrates two uncorrelated Rayleigh signals and the combined signal which are 
produced using two antenna elements under a flat fading channel as part of this thesis work. If the 
two signals are not correlated, probability that both multipath fading signals fall into deep fade at 
the same time is low and hence combined signal creates a higher mean SNR.
C o m b in ed
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Figure 2-4: Combining two versions o f  the same signal which are transmitted  
from  two elements o f  the same transmitter.
According to the domain where diversity is introduced, it can be classified into time diversity, 
frequency diversity and antenna diversity (space diversity). Time diversity can be achieved by 
transmitting identical messages in different time slots, which results in uncorrelated fading signals at 
the receiver. Frequency diversity can be achieved by using different frequencies to transmit the 
same message. The main focus of this thesis work is space or antenna diversity, which is typically 
implemented using multiple antennas at the transmitter or the receiver or both. The multiple 
antennas should be separated physically by a proper distance to obtain independent fading.
Typically a separation of a few wavelengths is enough. Depending on whether multiple antennas 
are used for transmission or reception, space diversity can be classified into two categories: receive 
diversity and transmit diversity. To achieve receive diversity, multiple antennas are used at the 
receiver to obtain independent copies of the transmitted signals. The replicas are properly 
combined to increase the overall receive SNR and mitigate fading. There are many combining 
methods, for example, selection combining, switching combining, maximum ratio combining, and 
equal gain combining [34].
Transmit diversity is more difficult to implement than receive diversity due to the need for more 
signal processing at both the transmitter and the receiver.
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In addition, it is generally not easy for the transmitter to obtain information about the channel, 
which results in more complexity in the system design.
2.3.1 Diversity Techniques
It is well known that for antenna diversity techniques to be successful in a fading environment, the 
correlation between transmit antennas should be minimum and power should be equally 
distributed between the antennas [32]. This is because if the correlation is too high, then deep fades 
will occur simultaneously at different antennas and if the antennas have low correlation but have 
very different mean powers, then the signal in a weaker antenna may not be useful although it is 
less faded than the other antennas.
Figure 2-5 shows that a dual-element diversity antenna at a receiver can receive two different 
versions of transmitted signals and combine them with a combiner circuit under flat fading 
channel, which is produced during the course of this study through simulations.
Combining 
m odule of 
Receiver
Figure 2-5: Combining in a basic diversity schem
Classical wireless research focused on the case where antenna diversity was employed exclusively at 
either the transmitter or receiver. When multiple antennas are only available at the transmitter, 
beam-forming techniques such as selection diversity transmission (SD1), switched diversity 
transmission (SWT), equal gain transmission (EGT), and maximum ratio transmission (MRT) have 
been used to exploit the diversity available from the multiple-input single-output (MISO) wireless 
channel. On the other hand, for systems with multiple antennas only at the receiver, combining 
schemes such as selection diversity combining (SDC), switched diversity combining (SWC), equal 
gain combining (EGC), and maximum ratio combining (MRC) have been used to obtain diversity 
advantage from the corresponding single-input multiple-output (SIMO) wireless channel [27]. If 
antenna diversity is employed at both the transmitter and the receiver, beam-forming and 
combining techniques should be jointly designed to maximise the received SNR in MIMO channel. 
Designing optimised beam-forming and combining vectors is not quite trivial and in many cases 
result in an optimisation problem which cannot be solved easily in practical systems [27].
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2.3.2 Switched Transmission
The switched combining technique requires only one receiver radio branch between the N available 
branches. The receiver is switched to other branches only when the SNR on the current branch is 
lower than a predefined threshold. Whereby, other combining techniques require N receivers to 
monitor the received instantaneous signals level of every branch when there are N element 
antennas. Switched transmission is similar to the switched combining in a sense that it switches the 
transmitter antenna to another one when received signal level goes below a certain threshold [35].
2.3.3 Selection Transmission
The selection combining technique is similar to the switched combining technique except that N 
receivers are required to monitor instantaneous SNR at all branches. The branch with the highest 
SNR is selected as the output signal. In selection transmission, antenna specific preambles are sent 
from all transmit antennas, but data streams are transmitted from only one antenna. The receiver 
measures pilot SNRs and directs the transmitter to select the antenna with better pilot SNR to carry 
the data transmission. Due to size restrictions, battery life and complexity, the switched combining 
technique is presently implemented in mobile terminals with diversity antennas [35]. The optimum 
performance that a switched combiner can achieve is similar to the selection combiner technique.
2.3.4 Equal Gain Transmission
Both switched and selection combining techniques only use the signal from one of the branches as 
the output signal. In order to improve SNR at the output, the signals from all branches are 
combined to form the output signal. However, the signal from each branch is not in-phase. 
Therefore, each branch must be multiplied by a complex phasor having a phase —Oi, where diis 
the phase of the channel corresponding to branch i (i.e. co-phased) as shown in Figure 2-6. When 
this is achieved, all signals will have zero phases and are combined constructively [35].
O u tp u t
Co p h a s in g
Figure 2-6: Equal Gain Combining
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2.3.5 Maximum Ratio Transmission
In the equal gain combining technique, all the branches may not have a similar SNR. Sometimes 
one of the branches has a much lower SNR than the other branches and this will reduce the overall 
SNR to a lower value at the output. In order to maximise the SNR at the output, each branch is 
applied with a weight, Wi before all the signals are combined coherently as shown in Figure 2-7. In 
order to maximise the SNR at the output, a branch with a higher SNR will be given a higher 
weighting.
x z
-►  O u tp u t
W eightining Co-phasing
Figure 2-7: Maximum Ratio Combining
In maximum ratio transmission, same as equal gain transmission, branches are multiplied by 
appropriate phasors, but the transmission power is not necessary equally divided between branches 
and they are weighted in a way that the final coherently combined signal achieves the highest 
possible SNR [34].
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2.4 Transmit Beam-Forming with Perfect Channel Knowledge
In this section, a closed-loop transmit diversity system with perfect CSIT is introduced and an 
optimum beam-forming vector using Eigenvalues and eigenvectors analysis is presented. In real- 
world systems, an optimum transmission scheme is not implementable mainly because of limited 
feedback channel as it is impractical (due to limited bandwidth) to send back high-precision 
transmission weight information to the transmitter.
2.4.1 System Model
A closed loop transmit diversity system is depicted in Figure 2-8. Transmit weights are calculated 
at receiver side and are feedback to the transmitter through a feedback channel. At the transmitter, 
the data symbols are multiplied by these so called beam-forming weights before transmission.
H
F eed b ack W eig h t
ca lcu la tio n
Figure 2-8: Closed-loop TX diversity system
Let’s start from equation (2.4), by incorporating a beam-forming vector w  6 <CMtXl, and 
considering only one symbol s E € which is constructed from some constellation (ex. BPSK) is 
multiplied by weight Wz at the Zth transmit antenna. The received signal before combining is given 
by:
y  = yfPHws + n  (2.9)
and the received combined baseband signal is given by:
x =  s/P v h(Hws + 7i ) (2.10)
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where total transmission power, P is limited such | \w\ |2 =  1 and recall that E [ |s |2] =  1 and also
without loss o f generality, it is assumed that | |v | |2 =  1, where V 6  (CMrX1 is the combining 
vector. Optimum beam-forming vector w  and combining vector V are presented in the following
sections.
2.4.2 Maximum Ratio Combining Receiver
The received combined baseband signal is given by:
x = 'JPvIi{Hws +  n ) (2.11)
If noise n , is not white and colored with a known covariance matrix fl e.g. at the presence o f 
interference, pre-whitening [36] could be applied at the receiver to get:
x = VPvh({IHws + fin) (2.12)
Without loss o f generality focus o f discussion is on (2.11) hereafter, as (2.12) is equivalent to (2.11) 
except that H is replaced by ClH .
At the receiver the received signal y  is coherently combined with MRC weight vector which can be 
defined as [37]:
v H =  w h Hh  (2.13)
By multiplying the received signal by the combining vector, the decision variable may be expressed 
as:
wHHHy  =  ' /P w hHhH w s  +  w HHHn  (2.14)
If the noise part o f equation (2.14) is assumed to be a white Gaussian noise, then it follows that: 
E[nnH] =  N0IMr where / Mrdenotes Mr X Mr identity matrix and recalling that E [ |s |2] =  1
and 11IV11 =  1 then SNR can be expressed as:
SNR =  ^ w«HhHw (2.15)
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Maximizing received SNR in equation (2.15) by choosing appropriate beam-forming vector W, has 
been shown to be a sensible strategy in order to minimize probability o f error and maximizing the 
capacity [38],
w 0pt =  m ax w hHhHw
| |i v || = 1  (2.16)
In other words, w  should be chosen as a function o f the channel in order to provide any kind o f  
performance benefit. If the channel is known at the receiver, the receiver may calculate the W and 
periodically fed it back to the transmitter, which means beam-forming is a closed loop signalling 
method. If matrix R =  HH H where R is a Mt X Mt Hermitian matrix, as it has been shown in 
[38], the optimum beam-forming vector w opt becomes the eigenvector associated with the 
maximum eigenvalue o f the matrix R and SNRopt with this optimum weight factor may be 
expressed as
P
SNRopt — jÿ- w optRwopt
P
=  * m a x ( R )
(2.17)
where 2max(^) denotes the maximum eigenvalue o f matrix R.
The covariance matrix o f the transmitted signal is:
V  =  E[wss*wh] =  wwH (2.18)
and the average transmitted power for each antenna is given by:
Pi =  ¥ iZ =  P |W i|2, I =  1, (2.19)
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where denotes the Zth diagonal element o f V . The average power Pz varies across the transmit 
antennas and a wide power variation poses a severe constraint on power amplifier designs.
2.4.2.1 Multiple Input Single Output Optimal Transmit Diversity
If only one receiver is assumed then the optimum beam-forming vector elements can be expressed
as:
w o p t = —
and optimum SNR can be calculated as following:
(2.20)
(2.21)
From above equations, it is evident that weights associated with small channel response have small 
amplitude and contribute less to receive SNR, than the weights associated with larger amplitude 
channel responses. |/iz|2 ,1 =  1, are i.i.d. Chi-squared variables and hence SNRopt has a
Chi-square distribution with Mt degree o f freedom [34], which follows:
SNRavg =  E[SNRopt]
(2.22)
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Equation (2.22) shows that averages o f optimum SNR o f closed loop transmit diversity with 
perfect CSIT is equal to its diversity order. In the case o f  MIMO, equation (2.21) is applied to each 
receive antenna and SNR0pt will be defined by performing an additional summation over each 
receive antenna.
2.4.3 Maximum Ratio Transmission versus Equal Gain Transmission
When w  can be any unit vector, beam-forming is called MRT (Maximum Ratio Transmission) [39]. 
A beam-forming scheme where each transmit antenna I has weight Wt with =  e^6l/y jM t is 
denoted by EGT (Equal Gain Transmission).
Note that |wz| =  -y===. If w  is constrained to have only one non-zero complex value, the scheme
can be either SDT (Selection Diversity Transmission) or SWT (Switched diversity Transmission). 
Maximum SNR loss between EGT and the optimal scheme, MRT is only 1.05 dB in MISO 
channels [39], no matter how the number of transmit antennas increases, interestingly as shown 
from the same author recently in [40], this loss is the same for MIMO channels.
Unlike the optimal MRT, which requires both magnitude and phase information o f channels, EGT 
only needs phase information and hence has several practical advantages compared to the MRT, 
where it can relax the need for power amplifiers and reduces computational complexity with a 
simpler transceiver design.
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It is worth pointing out that Brennan [41] showed that the SNR loss between the receive MRC and 
the receive EGC is also 1.05 dB.
For EGT, the transmit weight is calculated using the normalized optimum weight vector phase 
information as following:
_  w o p t
WEaT ~ k *||2 (2-23)
In MRC receiver, the effective channel gain \v hHw \2 is maximized, and the effective channel gain 
upper bounded by [27]:
\v hHw \2 <  =  llffwll* (2.24)
Clearly upper bound in (2.24) is achievable if the receiver combining weight, V is selected as: 
v  =  H W /\\H w \\2.
2.4.4 Random Beam-Forming
As final discussion o f this chapter, a random beam-forming scheme is presented, where transmit 
beam-forming weights in (3.1) are chosen randomly. It is noted that if the weight vector is chosen 
random or arbitrary there will be no diversity gain. Let w '  be such a random weight vector, then
h w '  =  h1w[  +  h2W2 and since ||w '|| =  1, distribution o f h w '  is the same as either h1or h2 
since sums o f Gaussian random variables are Gaussian, therefore there will not be any transmit 
diversity gain.
2.5 Summary
In this chapter basics o f MIMO systems have been presented, with emphasis on transmit beam- 
forming techniques and transmit beam-forming system model have been discussed with related 
mathematical equations. Optimum and sub-optimum methods based on perfect channel state 
information analysed and characteristics o f beam-forming weights and combing methods explained 
in details.
The system model provided in this chapter will be used for analysis o f practical beam-forming 
schemes later on in this study.
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Chapter 3
3 Uplink Transmit Diversity Schemes with 
Imperfect Channel State Information
It is well known that employing channel adaptive signalling in wireless communications can yield 
improvements in system performance metrics. This implies that the transmitter requires some form 
o f knowledge o f the wireless channel, in order to adapt the transmitted signal to time and 
frequency varying condition o f the channel. The big contribution that has overcome the challenge 
o f making instantaneous channel adaptation practical is the use o f feedback channel. Unfortunately, 
the channel information cannot be fully available at the transmitter side, mainly because o f limited 
bandwidth for the feedback channel on the system, and hence imperfect or limited feedback is used 
in practical systems.
In this chapter, the state o f the art algorithms and methods which are utilizing imperfect channel 
state for overcoming channel fluctuations information have been discussed. Firstly two most 
advance algorithms have been introduced, which were recently proposed in 3GPP’s work groups to 
be included in the related standards, and then two novel algorithms for practical transmit beam- 
forming have been introduced and discussions in details about their characteristics and 
implementation issues have been made.
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3.1 Practical Beam-Forming Transmit Diversity
The architecture o f Practical Beam-forming Transmit Diversity (PBTD) scheme, proposed by 
Magnolia Broadband [42] is shown in Figure 3-1. in which a mobile transmit diversity 
communication device is using a beam-former to split the RF signal into two branches and adjust 
the relative phases between the two signals. This scheme requires two power amplifiers (PAs) and 
two transmit antennas. The existing legacy (e.g. HSUPA) transmit chain can be connected to a 
transmit beam-former, whose outputs are connected to the transmit antenna ports via the 
corresponding PA/Duplexer.
UE Tx A nti Rx Ant 1
Rx Ant 2UE Tx Ant2
<P1 , q>2
AWGN
AWGN
h12
UE Beam-former
h21
h22
NodeB
Figure 3-1: Practical Beam-forming Transmit Diversity Scheme, One transmit chain, two transmit antennas
Transmit beam-forming module refers to splitting the incoming signal into two streams, with equal 
amplitudes with different phase shifts, which are applied to the first and second streams as depicted 
in Figure 3-2. The phase shifts <p1 and (p2 are calculated according to a beam-forming algorithm 
and applied at every slot.
Figure 3-2: Practical beam-forming module
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3.1.1 Algorithm Description
According to [43], proposed beam-forming algorithm for uplink transmit diversity periodically adds 
a phase offset {Ô) to the relative phase o f the two transmit signals to find the optimal phase. The 
existing uplink power control command in the legacy systems is used as the feedback and it is the 
only input into the algorithm. The algorithm then determines the optimal phase shift and make a 
phase move by { € )  degrees to achieve the optimal phase.
The transmit beam is formed and dynamically steered toward the serving base station by the 
relative phase. Flow chart o f the algorithm is as following diagram:
Yes
No
A re the tw o  m o st re  cen t t  
re c e ive d  va lu es o f  T PC  
'Commands the sam e? /
In itia lize  ( f i  a n d  <p2 f o r  the f i r s t  slo t:
(p\ =  S /2 ,  <p2 =  —5 / 2
U pdate  p h a se  offse t f o r  the nex t slo t:
<Pz — <p2 +  8 , <px — —<p2
U pdate  ph a se  offset f o r  the next slo t:
U pdate  p h a se  o ffse t f o r  the  next slo t: 
I f T P C l  >  TPC 2 then: > 2 =  <?>2 + f
O therw ise: (Pz =  ( p z - -
Figure 3-3: Practical beam-forming algorithm
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The default value for phase offset Ô is 48 degrees and for e is equal to 12 degrees.
Link level performance metrics o f this scheme for HSUPA are reported as following:
Table 3-1: Reported gains for Practical beam-forming algorithm according to 3GPP [45]
Propagation
Channel
TxAnt
Correlation
Gain on Tx 
Ec/No (dB)
PA3 0 2.72
PA3 0.3 2.73
VA30 0 0.04
VA30 0.3 1.86
, E c/N o  indicates energy per chip over the noise which is a measure o f the quality o f  the signal. 
Significant reduction in transmit power o f the UE (or increase in Ec/No) can be achieved without 
changing the legacy standard (on average 1.54dB) i.e. only by adding one additional transmit 
antenna to the mobile station, and hence even NodeB receiver is unaware that the UE is utilizing a 
pair o f antennas instead o f a single antenna.
3.2 Assumptions for Analysis of Practical Beam-Forming Schemes
For getting a clear insight into practical algorithms characteristics, and simplifying analytic 
evaluations in this chapter it is assumed that:
•  Channel is flat block fading (§2.1.2)
•  Number o f receive antennas is only one
•  Number o f transmit antennas are two
•  There is no correlation between diversity branches
•  There is no other UE interference or inter-symbol interference
With these assumptions, the system model described in (§2.4.1) can be simplified as:
y  =  'JPhws  +  n (3 .1)
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where h  =  [h  ^h2] , IV =  [w1 W2]T and recalling that: ||iv || =  1 , E [ |s |2] =  1 and the total 
transmit power equals to P.
3.2.1 Algorithm Analysis
PBTD scheme falls into closed loop equal gain transmit diversity systems category, which the 
perfect CSIT case in section 2.3.4 has been reviewed. As UE doesn’t have any direct knowledge o f  
the channel or any explicit feedback channel exists for conveying CSI from serving base station to 
the mobile station, this scheme utilizes power control commands as channel state information.
The algorithm uses a phase tracking method in order to adjust antenna phases in such a way that 
receipt signal strength is maximized through their constructive addition at the receiver. Since 
feedback channel doesn’t exists and only TPC command is used as indicator o f the CSI, all the 
imperfectness o f the TPC command will affect the performance o f the algorithm, such as TPC 
command delay, TPC command decoding error and channel estimation errors.
Theoretical upper bound or the maximum achievable performance o f the algorithm is the same as 
optimum EQT.
When optimal transmit beam-forming is applied (assuming CSIT exists), ideally one should just 
multiply the symbol from each transmit antenna with a complex number corresponding to the 
inverse o f the phase o f the channel, to make sure that the signals are added constructively at the 
receiver.
Optimal weigh components with equal gain transmission for this case can be expressed as:
H'„pt =  [ e - iar^ hl'> e - ^ s t ^ f / V z  (3.2)
or equivalently:
W0pt = [1 e ^ r g W -a r g W )]? /^
T r_ ( 3 9
w 0 p t  =  [l e;cpopt] /V2
where cpopt = a r g (h j  -  arg(/i2)
If the phase difference between two transmitted signals is set to (popt, then received signals at the 
receiver will be constructively added together and hence the optimum EQT achieved.
For analysis o f performance o f the TPC command as a 1 bit feedback channel, TPC command 
may be considered as a highly quantized feedback. Uniform quantization is appropriate, as the
31
Chapter 3. Uplink Transmit Diversity Schemes with Imperfect Channel State Information
phase o f a circular Gaussian random variable is uniformly distributed in [—7T, tt]. Let QC ) denote a 
uniform quantizer with n bits, then Q(arg(Zli) — arg(h2)) is the quantized phase difference 
between two diversity branches.
The practical beam-forming scheme will use Ç(arg(/i1) — arg(/l2)) instead o f (popt at each slot 
By using the quantized phase difference as beam-forming weights in equation (3.1) yields:
y  =  y f P / 2 ^  +  /i2 g#(arg(ki)-argW ) )s  +  n
and the instantaneous SNR becomes:
SNR +  h2e ^ ar^ - ar^ h^ \ 2
Z jVq
where N0 is the variance o f the noise. For finding average SNR:
SNRavg = ^ - E  [l/li +  ^g)Q(arg(ki)-arg(h2))|:
(3.4)
(3.5)
2Nn (3.6)
E [|/ii + h2e ^ ar^ - aT^ \ 2j =
SNRa vg - 2N^ | N  +  Ihzle^6 ]2] (3.7)
where 6 =  ((arg(/i2) -  argC/i!)) -  ^CargC^) -  arg(/i2))) and uniformly distributed 
within .
Considering the fact that if u  =  l^ l  +  then |it| =  l ^ l 2 +  \h2\2 +  Z j^ H ^ lc o s ^ ) ,
by rearranging the equation (3.7), it follows:
P
SNRavg =  — +  |/i2|2 +  2 |h i||h 2|cos(0)] (3.8)
Since |h2| and cp are independent random variables, and E [|/i1|2] =  E [|/i2 |2] =  1, it is 
required to find only E [|h i|], E [|h2|] and  E[cos(0)].
Since 1^1, \h2\ have the Rayleigh distribution with variance of O'2 =  1 /2 , a derivation for the 
expected value o f Rayleigh is well known, so it can be shown that: Efl/i-J] =  E[|/i2|] =
32
Chapter 3. Uplink Transmit Diversity Schemes with Imperfect Channel State Information
Expected value o f E [ c o s ( 0 ) ]  where 0  uniformly distributed within could be derived as:
n n
P n  c o s ( 0 )  P r ( 0 )  d 0  [ s m ( 0 ) ]
E [ c o s ( 0 ) ]
E [ c o s ( e ) ]  =  ^  s i n ( ^ )
note that P r ( 0 )  =  1 .
by replacing these expectations in equation (3.8) :
SArfia„fl= £ ( l  + 2"-2s in (£ )) (3.9)
it is assumed that practical beam-forming scheme use a highly quantized feedback, i.e. n  =  1 bit 
which results in:
On the other hand optimum SNR can be achieved by assuming perfect CSIT, which is derived as:
_  2P 
" N o
and also for no transmit diversity case (SISO):
S N R * f  = i  (3.12)
With comparing (3.11), (3.10) and (3.12) one can observe that practical beam-forming scheme, 
gives 1.76dB gain against SISO or no transmit diversity cases and has 1.25 dB penalty comparing 
to optimum case, which is achieved by perfect CSIT.
K e y  o b s e r v a t i o n s  a n d  e f f e c ts
•  It is important to note that the application o f TPC command as an indicator o f the 
channel state may not lead PBTD algorithm to converge to optimum phases since TPC 
commands convey the information about update o f the power, not only because o f the 
fluctuation o f the channel but also other causes such as combating interference effects o f
SNRopt  = ^ E [ ( l h 1 \2 +  lh2 l2)] (3.11)
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the other UEs in multi UE environment or simply meeting target SNR of outer loop 
power control mechanism which is not always reflecting the channel variations.
•  It is observed from the results o f the link level simulations published in [44], that how even 
a very limited and imperfect side information, can help to improve system KPIs. Later on 
in this work (chapter 4) performance o f the PBTD algorithm in different scenarios through 
extensive single link and multi user multi cell simulations in more details have been 
investigated.
•  From practical implementation point o f view, PBTD is a very interesting scheme since this 
scheme does not impose any overhead, in terms of inserting training symbols on each 
transmit antennas or complicating any existing receiver. Thus this technique can be 
introduced in existing legacy systems with only user terminals modifications.
3.3 Switched Antenna Transmit Diversity
Switched Antenna Transmit Diversity (SATD) algorithm proposed by Ericsson [45], falls in the 
category o f Selection Transmission techniques (2.3.3). Same as PBTD scheme, this practical 
diversity technique doesn’t require any newly standardized dynamic feedback signaling between the 
network and UE and can use the legacy HSUPA standard to operate.
Figure 3-4 illustrate SATD, in which UE switches the transmit antenna according to an algorithm 
which will be described in the following. There is always one transmitter on air and baseband signal 
goes into power amplifier o f one antenna.
UE Tx Ant 1 Rx Ant 1
UE Tx Ant 2 R x A n t2
AWGN
h11
h12
AWGN
UE
h21
h22
NodeB
Figure 3-4: Block Diagram o f Switched Antenna Transmit Diversity
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3.3.1 Algorithm Description
Figure 3-5 depicts the process flow diagram of the algorithm:
Initialization
Define: T P C jC M D  =1 f o r  U P_CM D  and
T P C jC M D  =  -I f o r  T PC _D O W N
Set : S U M jC M D  = 0, SW ITC H lN G jC O U N TE R  = 0
U pdate T P C jC M D
S W ITCH lN G jCO U N TER  = SW ITC H lN G jC O U N TE R  >  
sw itch ingJran ie_cou n t
-NO-
SWITCHlNGjCOUNTER + 1
NO
YES
S U M J M D  =  S U M J M D  + C M D J M D
SW ITCHING J O U N T E R  =  0
S U M J M D  >  0
D O  SW ITCH  ANTENNAS
YES
S U M J M D  =  0
Figure 3-5: Flow diagram o f  antenna switching algorithm
SATD algorithm can be described as following:
7. Let TPC command DOWN he represented hy -1 and TPC command UP by +/ .  Then, let the UE 
accumulate all received TPC commands.
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2. At each frame border the accumulated TPC sum is compared with 0. If the sum is larger than 0 the 
transmit antenna is switched.
3. If the same transmit antenna has been used for 14 consecutive frames the UE automatically 
switches antenna. Note that the UE accumulates TPC commands continuously as long as a switch 
does not occur.
4. Every time an antenna switch occurs the accumulated TPC sum is reset to 0.
•  Frame duration is the same as HSUPA radio frame duration (10 ms)
According to [45], for the practical antenna switching algorithm the gain in transmit power is -1.11 
to 2.85 dB for the PA3 channel and -1.17 to 2.06 dB for the VA30 channel.
3.3.2 Algorithm Analysis
Same as PBTD, UE doesn’t have any direct knowledge o f the channel or any explicit feedback 
channel exists for conveying CSI from serving base station to the mobile station. This scheme uses 
power control commands statistics as a metric to choose the best channel for transmission.
The statistics o f the TPC command are collected during a time sliding window (10 ms), and a 
decision for antenna selection is made. Since feedback channel doesn’t exists and only TPC 
command is used as indicator o f the CSI, all the imperfectness o f the TPC command will affect the 
performance o f the algorithm, such as TPC command delay, TPC command decoding error and 
channel estimation errors.
The application o f TPC command as an indicator o f the channel should be done with care as 
mentioned before, TPC commands may convey the information about update o f the power, not 
only because o f the fluctuation o f the channel but also combating interference effects o f the other 
UEs. With the assumption o f best antenna selection with the algorithm, in this scheme optimum 
SNR is given by:
SNRopt = T max{|hi|, |ftl|} (3.13)
Let Fx (. ) denote CDF o f random variable X, i.e Fx (x) =  Pr [X <  x] and /%(. ) denote PDF 
o f X,i.e. f ( , x ) = ± F ( x ) .
CDF o f random variable Z  =  max{|/if |, I^Q  can be derived as following:
Fz (z) =  Pr [Z < z ] =  PAlh^2 < z 8 i \ h 2\2 <  z]
Since l/ljj2, \h2\2 are independent random variables,
Fz (z) =  Prtl/iJ2 < z ] . P r [\h2\2 <  z]
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(3.M)
Fz (z) =  F|foi,2 (z ).F |/l2,2 (z)
Since {h^2, \h2\2 have the same CDF such as |/ l |2, thus:
Fz ( z ) =  F,ft|2 (z ).F |h,2 (z) =  F2 l2(z)
F^ 2 (z) = Pr [\h\2 < z ] 2 
= Pr [\h\ <  Vz]2
Since \h\ has the Rayleigh distribution o f the form:
2x  
f\h\(x)=— e n t X>Q
where fl is defined as the average signal energy, 
thus:
r ^  f ^ 2 x  ,  zzx
Pr [\h\ <  vz ]  =  I — e a dx  = —e n =  ( 1 — e n ) , z >  0
J o  Jo  ^ '
by considering average signal equal to 1 (H =  1) and by recalling (3.14):
Fz(z) = (1 -  e~z) 2 step(z) (3.15)
where Step(z) is the unit step function, as Pr [|/i| <  ypz\ which is a fimction of z is zero for 
negative values o f z  and Pr [|/i |]2 is always non-negative. Finally he average SNR is given by:
P
SNRavg =  1 .5—  (3.16)
Interestingly, SATD gain is the same as BFTD scheme and gives 1.76dB gain against SISO or no 
transmit diversity case.
3.3.3 Genie Scheme for SATD
A different approach for SATD can be described as below algorithm, which is called Genie SATD 
(GSATD), as it assume required channel information on both antennas can be collected on the 
receiver and feedback to the UE to be used on the next slot. This algorithm is useful for simulation 
purpose, as it indicates the upper bounds o f the achievable performance metrics for SATD.
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Let hf denote the Ith path o f the propagation channel from transmit antenna j  to receive
antenna i in time slot /t o f a radio frame. Every radio frame (10ms), the reference UE transmitter 
makes a decision on whether to switch the transmit antennas or not based on below criterion:
Transmit Antenna j  (j  =  1,2) is selected if —  ^ ^ | / î j  ;.(/,/:)| +|/z2 y.(/,^ )|2) in the previous
15 k = i  /= i
frame is the maximum for that antenna.
• Note that perfect knowledge o f the channel information hi j ( l ,k )  exists at the UE.
K e y  o b s e r v a t i o n s  a n d  e f f e c ts
•  As shown in previous section, both PBTD and SATD provide the same average SNR gain 
over no transmit diversity case. This can be justified by the fact that using TPC command 
as one bit feedback for PBTD converts the problem o f phase tracking to find
ma x f - 1^ 2* } which has the same distribution as m a x d ^ j2, \h2\2}, therefore
with the assumptions that has been made for evaluation o f the SNRs, it is concluded that 
both schemes has the same CDF and BER performance.
•  Same as PBTD, from practical implementation point o f view, SATD is a very interesting 
scheme since it does not impose any overhead, in terms o f inserting training symbols on 
each transmit antennas or complicating any existing receiver. Thus this technique can be 
introduced in existing legacy systems with only user terminals modifications
3.4 Novel Practical Transmit Diversity Schemes
In this section two novel practical transmit diversity schemes have been proposed, which can be 
deployed in multiple access channels for utilizing transmit beam-forming. Both algorithms fall into 
category o f EGT schemes, i.e. equal power on both antennas and only phases are adjusted to 
maximize received signal energy, so they share a common structure similar to PBTD as shown in 
Figure 3-1.
3.4.1 Algorithm 1
The novel Algorithm 1 (ALGOl) is a phase tracking algorithm for beam-forming and same as 
PBTD, doesn’t require any additional feedback from receiver and utilizes only one bit feedback in 
order to adjust beam-forming weights. The main difference is that the one bit feedback should
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carry another type o f information instead o f TPC commands which will be described in details in 
the following o f this section.
The main motivation behind this algorithm is to use a more effective metric for tracking the 
channel as the main input for phase tracking beam-former algorithm. In PBTD algorithm, 
formation o f TPC command is based on SNR set point which is set by outer loop power control 
module. The SNR set point does not always reflect the variation o f the channel, and hence 
efficiency o f the beam-former algorithm is affected by this biasness. PBTD beam-former algorithm 
is not aware o f the reason for variation o f received TPC command, and always assumes that it is 
reflecting the channel variation. The proposed algorithm aims to counterpart this problem with 
replacing the TPC command by more appropriate measure that is dedicated to channel variations, 
rather than TPC command. For realisation o f this approach, power control mechanism will be 
affected, as TPC command may not be feedback to the transmitter for power adjustment.
3.4.1.1 Algorithm Description
As mentioned above, replacing the TPC command feedback channel with other measure, will 
affect the power control mechanism. In order to demonstrate the impacts and better illustration of 
the proposed technique, firstly a brief description of current OLPC and ILPC mechanisms o f the 
HSUPA system are described and the new proposed algorithm were introduced.
3.4.1.2 Power Control Algorithm
Figure 3-6 depicts basics o f conventional power control mechanism, where ILPC and OLPC 
consist two main parts o f the power control module.
In order to achieve desired signal level at each UE in the whole system (uplink o f a cellular access 
channel such as HSUPA), the received SNR o f each transmitter or UE at the receiver (or NodeB) 
should meet a minimum prescribed threshold or target, which is called target SNR where the 
receiver can distinguish the noise and interference from desired signals o f each UE. In order to 
adjust the received signal to the desired level at the receiver, power o f the transmitted signal may be 
increased or decrease, depending on the received SNR level.
Since different channels are transmitting simultaneously on the same frequency band, it is 
important to keep the power level at each physical channel as low as possible while still maintaining 
an acceptable error rate o f the received blocks o f the transmitted data on the transport channel, i.e. 
block error rate (BLER).
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Receiver Unit
T ra n sp o rt ch a n n e l #i
CRC co n tro ller
CRCi
O u te r  Loop P ow er C otntro!
BLER re fe re n c e
BLER co n tro lle r
Target
SNR
Inner Loop P ow er C ontro l
M easu red  SNR
SNR co n tro lle r
ACK/NACK
co m m an d C hannel
TPC co m m an d
RF signal
HARO co n tro lle r
N ext T ransm it 
Block
RF U nit
T ran m m it
p o w er
P ow er C ontrol Unit
Figure 3-6: Conventional pow er control mechanism
The outer loop controls the quality of the received signals, i.e. keeping the BLER at a certain 
acceptable criteria by setting the target SNR for the inner loop, and inner loop controls the power- 
level of transmitted signals by comparing the received SNRs with the target SNR which is set by 
the outer loop by sending transmit power control commands to the transmitter periodically.
As shown in Figure 3-6, each transport channel has an associated BLER controller that determines 
the current BLER and compares it to a reference BLER (BLERref )  to produce a target SNR 
(SNRtarget) for the associated physical channel. If multiple transport channels are mapped to one 
physical channel, then maximum of the associated reference BLERs are used to 
produce S N R target . The BLERref  is an indicator of required quality of service (QoS), which is 
provided by the system specification, for example web browsing service may have less QoS 
requirement than voice services, hence lower S N R target is required for the same size transport 
blocks.
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Calculated S N R target is forwarded to ILPC unit, and ILPC generates TPC commands at each time 
slot to be sent to the transmitter for power adjustment The objective o f OLPC is to set 
SN R target f°r ILPC and the objective o f ILPC is to keep the received SNR level o f the signals 
around S N R target by commanding the transmitter for power adjustment through a dedicated 
control channel between transmitter and the receiver.
The current BLER for each transport block is estimated based on a cyclic redundancy check (CRC) 
o f the respective transport channel and forwarded to BLER controller o f the OLPC. The BLER 
controller maintains an average BLER o f the received transport blocks and compares it with the 
BLERref  i*1 order to calculate SNRtarget f°r the ILPC. Average BLER is updated when a new 
block is received and the loop continues. At the transmitter side, transmitter adjusts its power by 
utilizing the recent received TPC command, using static or semi-static power step sizes. If one bit 
TPC command is set to ‘O’, the transmitter reduces its power with one step size, such as 1 dB, 
otherwise when it receives 1 as a TPC command, it increases its power with one step size, such as 1 
dB higher. Size o f feedback channel for TPC command is set to 1 bit, which is the sign o f  
difference o f received SNR and SNRtarget •
As mentioned earlier, the main motivation behind this algorithm is to use a more effective metric 
for tracking the channel. As a design constraint, if it was not desirable to add additional feedback 
channel or increase the feedback channel bandwidth, the only solution is to replace the TPC 
dedicated control channel with a new 1 bit dedicated control channel, which it is called channel 
state tracker (CSI). CST is defined as sign o f difference o f two consecutive received channel 
envelopes at the receiver. Let t  denote the time slot, required feedback information, then CST is 
defined as:
CSTiit) =  s ig n ( r ( f )  — r ( t  — 1 )) (3.17)
where r ( t )  is defined as the channel envelope estimated at receiver at time slot t. By removing the 
dedicated TPC command channel, power control mechanism will be affected and clearly system 
will not operate properly. In the proposed algorithm this problem is addressed by utilizing H-ARQ 
feedback channel as a metric for meeting the required QoS in terms o f target BLER. So at each 
time slot (for HSUPA 0.667 ms) the CST control bit is received with a delay o f 2 slots, and also H- 
ARQ ACK/NACK bit is received, as an index o f successful packet receipt at each sub-frame, with 
a delay o f 2 sub-frames (for HSUPA, each sub-frame is 2 ms).
These two information bits are the inputs o f the new power control module, which is called 
transmitter power control loop (TPCL). Therefore, instead o f using ILPC and OLPC which are 
implemented in receiver side, TPCL will be implemented at the transmitter side in order to use 1 
bit reserved dedicated TPC feedback channel as new CST control channel. Figure 3-7 depicts the
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TPCL algorithm where ACK/NACK command is generated for processed transport blocks and is 
fed back to the transmitter through another dedicated channel for ACK/NACK which is already 
exists in the current legacy systems.
The introduced BLER controller of the transmitter maintains a moving average BLER with size of 
BLER_WINDOW for the transmitted transport blocks error rate which is updated with received 
ACK/NACK commands. The average BLER is compared with a BLERref  value which is known 
for the transmitter from system specification (depends on QoS requirement of the service) and 
based on the difference of the calculated BLER (BLERcur) and BLERref,  and also ACK/NACK 
sign of the last transmission, updates its transmit power. Averaging window of BLER should be 
done in a way that BLERref  realised during total transmission session.
RF signal
N ext T ransm it 
Block
A n ten n a  p h ases
BLER target
BLER re fe re n c e
Transm itter P ow er C ontrol Unit
Transm itter Unit
C hannel e s tim a tio n
CST co m m an d
ACK/NACK
co m m an d
T ra n sp o rt ch an n e l #i
P h ase  T racker 
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P ow er C ontro l A lgorithm
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CST co n tro lle r
CRC co n tro lle r
RF UnitHARO co n tro lle r
BLER con tro lle r
CRCi
Receiver Unit
Figure 3-7: Proposed transmitter power control loop (TPCL)
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3.4.1.3 Transmitter Power Control Algorithm
Figure 3-8 depicts the flow diagram of transmitter power control algorithm. As mentioned before, 
CST commands and HARQ ACK/N ACK commands are fed back to the transmitter through their 
dedicated feedback channels, and the aim of the algorithm is to adjust transmitter power using 
these quantities. In Figure 3-8 transmitter power size is denoted by TxPower in dBm and moving 
average of BLER (BLE Rcur) is updated when HARQ feedback is received. So frequency of update 
of BLERçuf is lower than CST commands, which is updated at each slot. Moving window size has 
been set to linear averaging of 10  recent samples in the simulations for BLERref  =  0 .1  and 
maxQ and abs(.) functions are representing maximum and absolute functions. LIN2DB(.) function 
represents conversion from linear scale to dB scale. Parameter "alpha" should be fine-tuned for 
each specific BLERref  and has been set to value 3 in the simulations. It worth to mention that the 
final UE transmit power should be adjusted to be in the range of UE maximum and minimum 
allowed transmit power range.
YES
■NO-
S tepS ize_ tm p  = LIN2DB(1 + alpha*(abs(BLERcur-BLERref))) 
StepSize = m ax(S tepS ize_ tm p, 0 .125  dB)
W as th e  la sV x  
rece iv ed  CST 
co m m an d  ind ica ted  
ch an n e l is going 
do w n ?
/  W as th e  last x  
rece iv ed  HARQ 
ACK/NACK ind ica ted  
X  an  e rro r?  /
StepSize = -0 .125  dB
inputs:
CST c o m m an d , HARQ ACK/NACK
Initialize: 
StepSize = 0
update transmit power for the next 
transmission on each slot:
T xPow er(t) = T xP o w er(t- l)  + S tepSize
Update current average BLER (BLERcur) 
using the last received HARQ command 
on receipt o f HARQ command
Figure 3-8: Flow diagram of proposed power control algorithm
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3.4.1.4 Phase Tracking Algorithm
Most of the random local search algorithms can be adjusted to fit into the phase tracking module. 
The main objective is to find optimum phase difference between two antenna elements which leads 
to maximum signal strength at the receiver side, using the one bit CST command. Random local 
search algorithms are well studied in the literature [46] as methods to maximize the unknown 
function via random sampling. Phase tracker algorithm tries to minimize the phase difference of 
two received signals, and result in constructive combining of the signals. Phase tracker algorithm 
can be implemented according to following conceptual algorithm:
Step 0: initialize the phase offset to a uniform random perturbation 50 where 50 6 [0,27r] .
Step 1: Update the phase offset by perturbing according to ( t)  =  50 +  e , where £ is a constant
gV&/2 g-y& /2
parameter. The transmit weight vector, w  updated according to: w0 =  —j=~ , w 1 =  ■ - -
Step 2: If two most recent receive the CST commands, was T , i.e. channel is getting better, keep 
the direction of phase difference, if both was ‘O’, change the sign of e. Continue to step 1 .
Figure 3-9 depicts the phase tracker algorithm placement in the system. Inputs to the phase tracker 
algorithm are the CST commands at each time slot and the outputs are the adjusted phases of each 
antenna.
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Figure 3-9: Placement of the phase tracker algorithm in the system
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3.4.2 Algorithm 2
Algorithm 2 (ALG02), is a transmit beam-forming scheme with one extra dedicated feedback 
channel available for designing of the diversity system. The algorithm utilizes this one bit additional 
feedback channel for CST information. Therefore, the legacy one bit feedback channel will be used 
for TPC commands and the extra one, which is with the same rate as first feedback channel, will be 
used for transferring the channel state trace information.
The power control mechanism remains the same as legacy systems, i.e. there is one decision 
feedback from receiver to the transmitter for adjusting the power for the next time slot and the 
beam-former will use CST feedback in order to adjust the beam-forming weights.
Figure 3-10 depicts the proposed receiver and transmitter units for this scheme.
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Figure 3-10: Proposed additional feedback channel (CST) fo r  phase tracking algorithm
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3.4.2.1 Algorithm description
The main idea behind this algorithm is to improve the performance o f phase tracker by utilizing a 
dedicated feedback channel. As mentioned earlier, utilizing TPC command for phase tracker, even 
though improves the system performance, but because o f the type o f information that this channel 
is designed to convey, it may not be the best metric for phase tracking algorithms. By adding one 
extra dedicated feedback channel, there is a cost o f signalling overhead with the same rate as TPC 
command in the forward link (downlink), but it may provide enough gain in the uplink that could 
be considered as a practical algorithm to be implemented.
The power control unit remains the same as legacy power control systems (and PBTD), and only 
one bit channel tracker feedback channel (which has the same structure o f CST as described in 
ALGOl), is implemented.
Comparing this design with ALGOl, by accepting a cost o f one additional feedback channel, the 
power control unit is left intact and this may be considered as a big advantage o f this algorithm.
The phase tracker algorithm is the same as ALGOl, and the input for this box is the CST 
feedback, with the same rate as TPC commands.
K e y  o b s e r v a t i o n s  a n d  i m p a c t s
•  ALGOl, introduces a new power control mechanism, which affects both receiver and 
transmitter sides. In comparison with PBTD and SATD schemes, ALGOl requires more 
modifications in the structure o f the system.
•  ALGOl is utilizing HARQ feedback channel, as the second feedback information bit. The 
idea may be interesting, as properly utilizing any side information for improving the system 
performance is quite important since it may increase transmitter knowledge about the 
channel. As an example, consider a case which the feedback information obtained by 
limited feedback may suffer from feedback errors. Because o f these errors, the transmitter 
may make a wrong decision about adjusting beam-forming weights. In such a cases, 
properly selected side information may help the transmitter to filter the errors.
•  ALG 02 is imposing increase o f feedback bandwidth from 1 bit to 2 bits. This will double 
signalling overhead and justification o f the additional bit depends on the algorithm 
performance.
46
Chapter 3. Uplink Transmit Diversity Schemes with Imperfect Channel State Information
3.5 Summary
In this chapter, two state o f the art practical beam-forming schemes are described and two novel 
practical algorithms were proposed. A simple analytical discussion has been made for practical 
algorithms and closed form equations for SNR was driven. All schemes are related to power 
control mechanism in uplink o f cellular multi user system. PBTD and SATD are the most robust 
schemes to be adopted by current legacy systems. For implementing ALGOl and A LG 02  
traditional systems require more modifications. It is important to note that ALGOl and A LG 02  
are only represent two concepts that may be considered in design o f transmit diversity systems, and 
neither o f them are fine-tuned or optimised for any specific system.
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Chapter 4
4 Performance Analysis
4.1 Introduction
Combination o f analytical models and simulation tools creates can be very useful for analysis o f  
cellular wireless networks, which often operate in the presence o f heavy interference noises, and 
stochastic channel conditions. In most cases, simulation can be a helpful tool for gaining insight 
into system behaviour since a properly developed simulation is much like a laboratory 
implementation o f the system. Measurements can easily be made at various points in the system 
under study and parametric studies are easily conducted since parameter values, can be changed at 
will, and the effects o f these changes on system performance can quickly be observed. However, 
simulation is not always preferable. Sometimes, even after extensive simulations, one might be 
unable to obtain insights on the interaction o f many system parameters and complex channels. In 
such cases, an analytical analysis might provide insight even though it may require some 
approximations and assumptions. Establishing an analytically tractable system model that can assist 
in the design process is crucial since analytical analysis can assist in solving the simulation problems. 
In this chapter, an evaluation framework for transmit diversity schemes is introduced, which will be 
used for analysis o f the system performance when transmit diversity schemes are employed.
The most important parts o f the simulation tool is addressed here and the metrics that are 
measured in order to evaluate the system key performance indexes are introduced. Single UE and 
multi UE scenarios are described and the corresponding simulation results are provided.
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4.2 Evaluation Framework
The air interface for evaluation framework is similar to a HSUPA system, which is a multiple access 
channel (MAC) and all the transmitting UEs are interfering to each other as they are transmitting at 
the same time. The simulations are done for two general cases, single UE and multiple UE 
scenarios. In the sequel, multiple UE case is described in details. At single UE case number o f UEs 
is limited to one and also there is only one cell in the deployment area, therefore there is no 
interfering sources exist. Comparing results o f single UE cases with multiple UE scenarios, will give 
some insights about interference effect on the different beam-forming schemes, and will indicate 
robustness o f the schemes in presence o f interference.
In multi cell multi user scenarios, the central cell option is adopted for the simulations, and 
collection o f the statistics for final performance metrics are done from only central cells and their 
users. This method o f collecting statistics helps capturing effect o f interference in the simulations. 
Discrete time simulation methodology has been used in simulations in order to evaluate the 
required performance metrics.
In short, the simulator steps are as following:
•  S t e p  0 : I n i t i a l i z a t i o n
Simulator is configured with scenario parameters and cellular network layout is established 
(§4.2.1 and §4.2.44.2.2), then UEs are deployed uniformly in the simulation area and path 
loss and shadowing components are calculated for each UE then a serving cell is selected 
for each UE (§4.1.4) based on path attenuation.
•  S t e p  1: A d v a n c e  s i m u l a t i o n  t i m e  s t e p
At each simulation time step, which is 1 slot duration (0.667 ms), radio frame operation 
block is called (§4.2.6) and accordingly sub-frame and radio-frame operations are called.
•  S t e p  2 : C o l l e c t i n g  m e a s u r e m e n t s
At each slot, required measurements such as UE SINR, transmit power, etc. (details are 
listed in §4.5.1-4.5.6) are made and logged for post processing.
•  S t e p  3 : C h e c k  t h e  t i m e - o u t
If the simulation duration has been reached, go to the next step, otherwise go to step 1.
•  S t e p  4 : T e r m i n a t e
Post process the log files and aggregate snap-shot results, and then stop the simulation 
process.
The reminder o f this chapter describes functionalities o f most essential features and blocks o f the 
simulator.
49
Chapter 4. Performance Analysis
4.2.1 Scenario and Snapshot
The term “scenario” was used, when the intention was to refer to a simulation case with specific 
parameters and the term “snapshot” was used, when the scenario parameters were kept constant 
and only several realisation has been made. Snapshots help to increase confidence interval of the 
results of the scenarios and make it possible to have a proper averaging over different realization of 
the scenario variables which are random, such as UEs’ locations and channel realizations. 
Generation of the snapshots are repeated until a confidence criterion of 95% is achieved.
Scenario
Snapshot #0
S n a p sh o t#1
Aggregation Scenario result
Snapshot #N
Figure 4-1: Snapshot results are aggregated to get the Scenario results
4.2.2 Network Layout
The cell layout is a regular hexagonal grid, compromising 21 cells and 7 sites and the statistics is 
collected for the central site cells. At the beginning of the simulation, users are placed at the 
network area according to a uniform distribution and remain static in the simulation area for the 
whole simulation duration. The mobility is not modelled in the scenarios explicitly and the effect of 
mobility has been captured through alteration of the channel model for different speeds which in 
turn affects the Doppler shift of fast fading component. Figure 4-2 depicts the network layout for 
the evaluation framework. Site to site distance is the key parameter for establishing this honeycomb 
tessellation structure, which is fixed to 1000 meters for all scenarios. This value indicated a semi- 
urban deployment scenario in most of the practical roll-outs of the real mobile cellular networks.
In this study, the network elements have only two dimensions except for propagation model, which 
takes into account the base-station and user equipment’s heights. All the base-starions share the 
same height of 20 meters and all the UEs’ height is fixed to 1.5 meter. Red symbols in Figure 4-2 
shows user equipments’ location and blue triangles are sectors or cells, which 3 of those share one 
site or base-station. Yellow hexagons demonstrate the central cells areas and grey cells are 
interfering cells, and the statistics are collected only for the UEs and cells of the yellow area.
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Figure 4-2: Two tiers hexagonal cell deployment network layout
4.2.3 Propagation
The power attenuation between each user and each NodeB is modelled according to either the 
vehicular or the pedestrian test environments as described in [47], including path loss, large-scale 
fading (shadowing), and small-scale time-dispersive fading. It also includes the effect of a sectorised 
antenna pattern.
The shadow fading is modelled according to a lognormal distribution, and is assumed to be 
correlated between every link connecting a mobile terminal to a Node B. Small scale fading is 
modelled by independent Rayleigh processes at each tap of the power delay profile, which is either 
the ITU Vehicular A or the ITU Pedestrian A [47]. Classical Doppler power spectrum is included 
to model the temporal evolution of fading on each tap of the power delay profile.
The horizontal antenna radiation pattern is given by:
^ (0) = - m i n [ l 2 ( ^ ) , 4 m] -1 8 0 '  <  0 <  180° (41)
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where 03dfi is the 3 dB beam width, Am is the maximum attenuation and 6 is the azimuth angle of 
the user relative to broad side direction of the corresponding sector.
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Figure 4-3: Antenna pattern fa r  3 Sector Cells
4.2.4 Serving Cell Selection
UEs will have only one serving cell in their active set, and all other cells will be the neighbouring 
cells of the UE, i.e. the UE will create interference to those cells that are in the neighbouring list of 
the UE, therefore each UE will have 20 neighbouring cells and only one serving cell. Selection of 
the serving cell is based on the minimum propagation attenuation between UE location and all the 
surrounding cells. The minimum propagation attenuation is determined based on a random 
lognormal shadowing element and the path loss between cell location and the UE location.
During the simulation time, for each slot the fast fading component of the channel between the 
UE and serving cell together with neighbouring cells will be updated and new channel coefficients 
will be generated.
4.2.5 Radio Resource Allocation
All the UEs in the system are scheduled at each sub-frame and their power is determined by outer 
and inner loop power control mechanisms. Allocated transport block size is constant and equal to 
256 bits and each UE is allocated one transport block for each sub-frame and UEs have always 
backlogged packets to transmit which commonly referred as full-buffer traffic model in the 
literature.
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4.2.6 Radio Frame Operations
Duration o f each radio frame is 10 ms which is divided into 5 sub-frames and each sub-frame is 
divided to 3 slots. Duration o f each sub-frame is 2 ms and slot duration is 0.667 ms and number o f 
chips per slot is 2560.
Radio frame operations are divided into two parts, sub-frame and slot operations, which will be 
described in the following.
2 ms Sub Frame, 3 slots, 7680 chips
Slot #0 Slot #1 Slot #2 Slot #12 Slot #13 Slot #14
10 ms Radio Frame, 5 Sub Frames, 15 Slots 
Figure 4-4: HSUPA radio-frame structure
4.2.6.1 Sub-Frame Operations
The chosen traffic model is full-buffer, and there is no scheduling effect o f UEs is involved in the 
evaluations and all UEs have the same priority (round robin scheduler) and all the UEs in the 
system are getting the same transmission chance and there will be always a successfully received 
packet or in error packet for each UE at each TTI. Another important assumption has been made 
for adaptive modulation scheme, which is fixed to select only one transport block size and by doing 
so the effects o f the radio resource management functionalities are isolated from beam-forming 
technics. At each sub-frame, SINR o f the received data at each slot is averaged out to get sub-frame 
SINR o f the transmitted transport block, and then a decision is made based on comparing the 
average SINR with target SINR and then the packet is tagged either in error or successfully 
decoded packet. The statistics o f the packet BLER is fed into OLPC procedure as input metrics in 
order to determine UE SINR set point.
4.2.6.2 Slot Operations
At each slot, all the scheduled UEs transmit with the power determined by ILPC procedure, and 
then at the receiver, based on receiver structure, the slot SINR for each UE is being calculated. At 
the receiver side, power control commands are sent to the UEs, to be used at two slots later.
Fast fading components o f the channel are updated at each slot resolution for serving cell as well as 
neighbouring cells antennas. Calculation o f the receive SINR will be described later on in this 
chapter.
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4.2.7 Power Control
Fast power control is perhaps the most important aspect in the uplink o f WCDMA systems. 
Without it, a single mobile that arrives at a base station with a very high power can block the whole 
cell. In a WCDMA system, all the mobiles transmit at the same frequency and at the same time. 
They are separated at the base station thanks to their spreading codes. These codes are not 
completely orthogonal, and there is an interference due to the cross correlation between the codes. 
The higher the power received, the higher the interference produced. This is the well-known near- 
far problem o f CDMA. The capacity o f the cell is maximized when all the mobiles reach the base 
station with the same power.
Open loop power control, which decides about initial transmit power o f the UEs, are too 
inaccurate to make all the mobiles reach the base station with the correct power. The reason is that 
fast fading is uncorrelated between uplink and downlink, due to the large frequency separation o f  
uplink and downlink bands therefore open loop power control is used only at the beginning of a 
connection to set an initial value for the user terminal.
Closed loop power control includes two loops: Inner and outer loop. The outer loop power control 
(OLPC) is used to guarantee a certain quality o f service, such as packet error rate and the inner 
loop power control (ILPC) is used to contract the fast fading and to alleviate the effects o f the 
near-far problem. The base station performs frequent estimates o f the received SIR and compares 
it with a target SIR. If the measured SIR is higher than target SIR, Transmit power control (TPC) 
command zero will be sent to the mobile station to lower the power, otherwise it will command the 
mobile station to increase the transmit power by power up command (TPC_cmd =1). TPC 
commands may be received by the mobile station from cells other than serving cells in order to 
reduce the received interference power. IPLC is performed at a rate o f 1500 times per second 
(1500 Hz), and one TPC is generated for each mobile station at each slot. The UE transmitter is 
capable o f changing the output power with a step size o f 1 ,2  and 3 dB, in the slot immediately after 
the TPC_cmd can be derived. In the evaluation framework equal power step sizes o f 1 dB is 
assumed for both power up and power down commands and as soft-handover is not modelled, the 
commands other than serving cell TPC commands [48] are discarded.
Figure 4-5 depicts an OLPC scheme based on average BLER o f the received packets from the UE  
where the base-station monitors the QoS metric o f the UE during a time window, which is selected 
to be the average BLER of the UE during 40 ms in the evaluation frame work, and then compares 
this average BLER to the target QoS indicator and sets the new target SINR for the UE’s ILPC 
mechanism. The ILPC will try to keep the SINR o f the UE around target SINR for the next 
window duration o f the OLPC.
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Figure 4-5: OLPC with BLER as QoS metric
4.2.7.1 TPC Command Delay
Figure 4-6 depicts the ILPC with a minimum TPC delay, where the mobile station after receipt of 
the TPC command on Slot #0, applies that specific TPC command on Slot #2 and the cycle 
continues until the target SINR is changed through OLPC mechanism as described previously.
The effects of TPC command delay on the performance of different transmit diversity schemes are 
investigated through this work.
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TPC cmd
Slot #1
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TX_power
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r. : Compare SINR
Receive data to target SINR
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Transmit
signais
using
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Figure 4-6: Two slot delay implementation o f  TPC command fo r  ILPC
4.2.8 Channel Correlation
Diversity transmission/combining schemes are known to depend on the cross-correlation values 
between the fading envelopes. Especially due to the relatively small size of the user terminal, 
separation between antennas would be small too and this constraint would result in spatially 
correlated fading among the channels. Correlated fading could also occur with receive diversity, 
especially if the two receive antennas are located at a highly elevated base station. The impact of
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channel correlation on the bit-error probability can be analysed by modifying the average path 
SNRs as following [49]:
SNReffective ~ ^ a v g s j ~  IPfcl2 (4.2)
where pk is the correlation coefficient and SNRavg represents the average SNR on the kth path of 
the multipath channel. For capturing the effect of correlation in system level simulator, imposing 
different correlation amounts on Rayleigh fading envelopes are done according to the methodology 
described in [50], which can generate any number of Rayleigh envelopes corresponding to a desired 
covariance matrix.
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Figure 4-7: Effect of the correlation on realization of two channels
In the simulations, the correlation of channel components of each link to the channel components 
of the other links are taken into account, i.e. for multipath channel models, the first paths of the all 
the links from same antenna are correlated.
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4.3 Cell Capacity and RoT
In the downlink o f WCDMA the shared resource is transmit power o f base station, which can be 
allocated to a single user at a time on per 'I'll basis. In the uplink the same is not possible as users 
have their own transmitters and the system’s uplink transmit power is distributed throughout the 
network. In a multiple access channel, UEs are transmitting simultaneously and fast power control 
is applied to ensure that different users’ signals are received with required signal powers at the 
receiver. This prevents the so called near-far-problem in non-orthogonal WCDMA uplink. If too 
many users use the uplink channel simultaneously, rise over thermal (RoT) will increase as well and 
users at cell edge either will transmit with high power, or they will be power limited and their 
packets will be dropped due to high packet error rate. Users in poor radio conditions simply will 
not have enough transmit power to overcome high RoT situation and they are out o f  uplink 
coverage. This RoT relation to coverage effect is known as cell breathing. In order to prevent too 
aggressive cell breathing, practical networks are configured to apply load control if RoT increases 
too much. In the scenarios, the RoT is controlled by means o f limiting number o f simultaneous 
users. In the following, the relation between RoT and cell capacity is discussed.
By revisiting the RoT equation for a cell in WCDMA [53]:
n  rji ^H o m e  "b P o th e r  "b PNoise
RoT =    <4-3)
where P u o m e  a n d  P o th e r  are received powers from home cell, other cell respectively and E/voise i s  
the system background noise power. A  transformation o f equation (4.3) yields the definition o f the 
cell load, 7] as following:
a Pawn  "b P o th er  
% — p , p i p (4.4)
r ow n  ' r o th er  ' * Noise
which yields:
RoT =
l - Y ] (4.5)
a cell load equal to 1 defines the pole capacity [51] o f the cell. Uplink pole capacity for full-buffer 
traffic model can be calculated using the well-known formula from early CDMA literature [52]:
N p o ie  =  — ------ =---------------- '  +  1
( l  "b P f a c to r )-  S N R ta r g e t
(4.6)
1
( l  "b P fa c to r ) 'S N R ta r g e t
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where Ffactor is defined as following:
vf a c to r  —
Other
Home
(4.7)
The pole capacity is obtained by assuming that each user equipment has infinite transmission 
power and the interference (and equivalendy the RoT) at the receiver goes to infinity and also all 
the users in the system transmitting with the same bit rate and require the same quality of servi eve. 
For a practical system, both UE transmission power and the receiver allowed interference level (or 
RoT) is limited and the operating point is set well below the pole capacity in order to have a stable 
system. This operating point is referred to as the uplink loading and is defined as the percentage of 
the pole capacity.
From the pole capacity, a practical cell capacity (NUE) for a system can be calculated after the 
uplink loading, T] has been determined, as shown in equation (4.8):
Nue — N-pole- V (4.8)
One way to estimate the cell throughput at a certain RoT level is to use the relationship between 
the cell uplink loading (77) and the uplink RoT level. Since the pole capacity corresponds to 100% 
loading of the cell, the cell throughput at a given RoT level ( Tceu) can be calculated by scaling the 
cell throughput at the pole capacity and by inserting equation (4.5) it follows as:
T c e i i  —  T p a i e - P  —  T p o i e . (1 p g j )
which is illustrated in Figure 4-8.
Cell T hroughput vs. RoT
(4.9)
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Figure 4-8: Normalized cell throughput versus RoT
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As depicted in Figure 4-8, if one choses 7 dB as RoT target, then the systems aims at 80% 
achievable throughput. In practical systems, RoT is chosen between 4 and 7 dB, which establish the 
system operating region for 60% to 80% load.
4.4 Effect of Scheduling
As the main interest o f the evaluation framework was measuring performance gains o f  diversity 
schemes, round robin scheduler has been used in order to avoid achieving multiuser diversity gain 
in the results. In other words, unlike proportional fair scheduler, which considers weighted rate 
priority to the users, in all the schemes all the UEs are given the same transmission chance. 
Scheduling algorithm tries to schedule simultaneously all the UEs in the system, until the RoT 
target is m et If all the UEs could not be scheduled, then at the next scheduling instance, the 
remainder o f the UEs will be scheduled and at the end, all the UEs will have the same chance for 
transmission.
4.5 Main Performance Metrics
In this section the main performance metrics are described. These metrics have been evaluated 
through evaluation procedure in order to get effects o f system capacity and coverage for different 
scenarios which help to understanding performance o f the different beam-forming techniques.
4.5.1 UE SINR
A similar approach as [53] for SINR calculation o f uplink o f DS-CDMA utilising MRC combiner at 
the Rake receiver o f the cell is adapted and the UE SINR is defined as following:
SINRW =
Psi +  Phi +  Pqi +  Pnoise (4.10)
(4.11)
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where K  denotes number o f other cell UEs and N  denotes number o f home cell UEs and 
SIN E W  denotes the signal to noise plus interference ratio o f the user n  and Ps  denotes desired 
signal o f this user and PSI, P0I, PHI, PNoise denote inter-path interference o f this user, out o f cell 
users interference, home cell users interference power and finally thermal noise power o f the 
system. Mr denotes number o f receive antennas at the cell and Mt is the number o f transmit 
antennas for the users and represents received transmit power o f the user q and L denotes the 
number o f resolvable multipath components o f the channel and is the kth complex transmit 
weight component o f the user q and finally hfjjj represents Ith multipath component o f the 
channel between transmit element i o f the user q and receive element j  o f  the cell.
4.5.2 UE SNR
Signal to noise ratio o f the UEs can be evaluated by eliminating interference coming from other 
UEs in the system from equation (4.10) as following:
SNRW  =
Psi +  PiNoise (4.16)
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Where PSi, P^oise are self-interference and system thermal noise power terms respectively.
4.5.3 UEBLER
As mentioned earlier in section 4.2.6.1, UE SINK is examined against target SINK which is set by 
OLPC, if UE SINK falls below the target SINK then the packet is tagged to be in error otherwise it 
is passed as a successfully received packet In this work, link layer lookup tables has not be used, as 
the target was to evaluate only relative gains between different diversity schemes.
4.5.4 UE Transmit Power
Transmit power o f the UEs are logged and related statistics are presented for each scenario. This is 
the most important performance metric in this work, as the adaptive modulation effect is relaxed 
by choosing only one transport block and also scheduling effect is eliminated by choosing full- 
buffer traffic model and round robin scheduler. Therefore OLPC will try to meet same target 
BLER for all UEs by adjusting individual UEs’ set points. By doing so, if system was in stable state, 
i.e. not overloaded, then the equilibrium condition is achieved and approximately the same average 
BLER, average SINR and average throughput for the all UEs in the system will be realised and 
only transmit power will be different for different UEs, due to their channel and interference 
conditions. In this work, for comparisons o f different diversity schemes for transmit powers are 
done in dB scale. It worth to note that in single UE scenarios, for all the schemes the same 
constant dummy path-loss and shadowing values are considered.
4.5.5 UE Throughput
The UE throughput is calculated by dividing summation o f all successfully transmitted packets over 
total transmission time. As all the UEs are transmitting at all slots, the time denominator element 
will be equal to total simulation duration. As the transport block size is fixed in all scenarios to 256 
bits, and all UEs are targeting the same BLER, then expectation o f average throughput is the same 
for all the UEs in all scenarios.
4.5.6 Cell Throughput
The cell throughput is calculated by dividing summation o f all successfully received packets over 
total simulation duration. If the UEs are dropped uniformly across the whole simulation area, 
average number o f the UEs per cell will be the same for enough snapshot realizations o f  the 
scenarios, therefore, it is expected to have the same average throughout for all cells in the scenario.
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4.5.7 Simulator Calibration
The developed simulator complies with the published results in 3GPP technical specifications such 
as [54]. The simulator has been extensively calibrated and validated for the required performance 
metrics.
Baseline simulations were carried out to reproduce reference simulation results of [54]. Figure 4-9 
illustrates the average RoT as a function of the number of UEs per cell. It can be seen that as the 
number of UEs increases, the RoT increases as well. Clearly, simulation results of the simulation 
platform compare closely with those of reference system.
2 5
20
15
10
5
0
RoT vs. num ber of UEs per cell
4  6
N u m b er o f  UEs p er cell
10 12
Sim ulation platform < 3GPP re fe ren ce  system
Figure 4-9: Average RoT vs. number o f  UEs p er  cell
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4.5.8 Default Settings
Table 4-1 presents all the default parameter values used in this work, and unless it has not been 
explicitly mentioned, the default value is used for the evaluation of the performance metrics of the 
simulation scenario.
Table 4-1: Default values fo r  simulation param eters
Site to Site distance 1000 m
Path loss model L =  128.1 +37.6L%ofR)
Std. deviation of slow fading 8.0 dB
Correlation between sites 0.5
Carrier frequency 2 GHz
Carrier Bandwidth 5 MHz
UE antenna gain OdBi
Minimum UE Tx Power -50 dBm
Maximum UE Tx Power 21 dBm
Uplink system thermal noise -102.9 dBm
Transport block size 256 bits
Modulation QPSK
Target Eb/NO 4.1 dB
CLPC step size 1 dB
OLPC period 40 ms
Power Control Delay 1,2 ,3  slots
HARQ ACK/NACK Delay 2 sub-frames
TTI duration 2 ms (1 sub-frame)
Scheduler period Every TTI
Target RoT 7 dB
Target BLER 10%
Processing gain 14.6
Simulation duration 20 seconds
Number of UEs per cell 1 ,2 ,3 ,4 ,5 ,6 ,7 ,8 ,9 ,1 0
Number of receive antennas 1,2
NodeB receiver Rake receiver
Number of transmit antennas 1,2
Transmit /  receive correlation 0.0,0.3,0.7
Channel model ITU Fed A, ITU Veh A
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4.5.9 Analysed Diversity Schemes
Following schemes are simulated by using evaluation framework described in chapter 3.4:
•  N o  T r a n s m i t  D i v e r s i t y  ( N T D )
•  O p t i m u m  M a x i m u m  R a t i o  T r a n s m i t  D i v e r s i t y  ( O M R T D  o r  o p t i m u m  s c h e m e )
•  O p t i m u m  E q u a l  G a i n  T r a n s m i t  D i v e r s i t y  ( O E G T D  o r  s u b - o p t i m u m  s c h e m e )
•  P r a c t i c a l  B e a m - f o r m i n g  T r a n s m i t  D i v e r s i t y  ( P B T D )
•  P r o p o s e d  N o v e l  T r a n s m i t  D i v e r s i t y  A l g o r i t h m  f o r  1 b i t  f e e d b a c k  ( A L G O l )
•  P r o p o s e d  N o v e l  T r a n s m i t  D i v e r s i t y  A l g o r i t h m  f o r  2  b i t s  f e e d b a c k  ( A L G 0 2 )
Both Single Link and Multi Link (multiple UEs, multiple cells) scenarios are evaluated for all the 
above mentioned schemes, which provide insights on interference effect on different schemes.
The most affecting parameters are altered to evaluate the performance o f each scheme under 
different setups. These parameters are:
•  C h a n n e l  M o d e l s
Performance o f all schemes is evaluated according to the channel profiles presented in 
Table 4-2 [47], in order to reflect both fiat and multi-path fading environments.
Table 4-2: Channel models
Channel Model Average power (dB) Relative delays (ps)
) ITU Pedestrian A -0.22 0.125
ITU Vehicular A 0,-1, -9, -10, -15, -20 0,0.31,0.79,1.09,1.73,2.51
UE speed for Pedestrian A channel was set to 3 km/h and for Vehicular A, simulations are 
done for 3,30 km/h.
The correlation between diversity branches was set to 0, 0.3, 0.7 .
Vehicular A is referred as VA and Pedestrian is denoted by PA throughout the scenarios 
explanations in this study.
•  R e c e iv e r  S t r u c t u r e
Two types o f receivers are modelled, single and dual antenna receivers.
•  N u m b e r  o f  U E s  i n  t h e  C e l l
In order to evaluate performance o f the diversity schemes, system load is altered using 
different number o f full-buffer UEs.
•  F e e d b a c k  D e l a y
TPC command delay is equal to 2 slots in all scenarios.
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4.6 Link Performance Metrics
Since only one receiver and transmitter involved in the simulation, the main performance indicator 
for the single UE scenarios is the total transmit power at UE. The transmit power is the best 
measure for comparing different schemes performance in single UE scenarios, as already other 
components effect have been relaxed, such as AMC and RRM. All the schemes are utilising 
transmit power to keep the UE block error rate around the same target BLER and as it will be 
presented in details in the following, only transmit power is varying in the results of the simulated 
scenarios. Higher variation of the transmit power, will result in higher signal variations as well, but 
average BLER will remain the same for all scenarios.
4.6.1 Impact of TPC Command Delay on NTD Scenario
Objective of the first scenario is to investigate the impact of TPC command delay on the 
performance of NTD, and it helps to understand the gain components of other schemes, especially 
OMRTD and OEQTD as those schemes are assuming perfect (without error or delay) channel 
knowledge at the transmitter for construction of beam-forming weights.
Figure 4-10 presents the performance of 1x1 configuration and Figure 4-12 presents 1x2 
configuration for both flat fading and multipath environments with different Doppler frequencies. 
In both PA and VA channels, the delay can cause performance degradation of up to 2 dB, which is 
direct result of reduction in power control efficiency.
No Transmit Diversity, 1x1
9.00
.00
7.00
6.00
5.00
CL
4.00
3.00
2.00
1.00
0.00
PA (3 km /h) VA (3 km/h) VA (30 km/h) VA (60 km/h)
delay = 0 slot 5.46 4.03 4.56 5.93
delay = 1 slot 6.04 4.58 5.61 6.72
delay = 2 slot 6.88 5.43 7.24 7.88
Figure 4-10: Impact of TPC command delay on NTD scheme, link level, 1x1 configuration
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Figure 4-11 illustrates the power oscillations due to channel fluctuations with TPC delay of zero 
and two slots. Higher power variations causes more deviation in UE SINR and in addition to 
unnecessary power consumption causes undesired interference for other UEs in multiple access 
channel.
UE transmit power  
UE channel power•10
TPC delay =i 2 slots
•15
1 5 -
- 5 -
•10
TPC delay = 0 slot
•15
0 50 100 150
Time(milliseconds)
Figure 4-11: Effect o f  TPC command delay on UE transmit pow er
Figure 4-12 depicts the effect of TPC command delay in receive diversity mode, where two receive 
antennas are providing the spatial diversity. In 1x1 configuration, VA(3) performs better than 
PA(3), which shows effect of multipath diversity gain for single transmit, single receive setup, but 
the same trend for 1x2 configuration is not seen, as already most part of diversity is captured 
through receive antenna diversity and hence the performance of PA(3) and VA(3) are almost the 
same.
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No Transmit Diversity, 1x2
7.00
6.00
co
5.00
4.00
Q .
3.00
2.00
1.00
0.00
PA (3 km/h) VA (3 km /h) VA (30 km/h) VA (60 km/h)
delay = 0 slot 3.05 3.06 3.28 4.15
delay = 1 slot 3.62 3.59 4.13 5.04
delay = 2 slot 4.40 4.45 5.46 6.04
Figure 4-12: Impact o f  TPC command delay on NTD scheme with receive diversity, link level, 1x2
configuration
K ey O bservations an d  Effects
• In no spatial diversity (1x1) case, frequency selective channel (VA) results in performance 
improvement due to the multipath diversity.
• Spatial diversity has more positive impact on flat fading channel environment as compared 
with frequency selective channel since there is less path diversity available in flat fading 
channel.
• Feedback delay has an immense effect on system performance which can result in up to 2 
dB power penalty for the transmitter.
Since practical systems in HSUPA usually are implemented according to 2 slots delay, practical 
schemes are modelled with 2 slots delay for TPC command in the rest of the scenarios and the slot 
delay notation in the following cases is dropped.
4.6.2 Impact of Correlation on Receive Diversity
Generally if the multiple transmit antennas are separately placed more than half wavelength, each 
signal from multiple antennas is known to experience independent fading. However in practice, 
there is always some amount of correlation between diversity branches because of size limitation in
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design of user terminals. So, it is necessary to evaluate the impact of correlation on the 
performance of transmit diversity schemes. Figure 4-13 illustrates the effect of correlation on 
receive diversity. Since there is only one resolvable path in PA channel, the performance degrades 
more quickly as the correlation increases, as compared with those in VA channel which has six 
resolvable multipath components.
No Transmit Diversity, 1x2
PA (3 km /h) VA (3 km/h) VA (30 km/h) VA (60 km/h)
# Correlation = 0.0 4.40 4.45 5.46 6.04
" B  'C orrelation  = 0.3 4.75 4.54 6.01 6.47
-A "  Correlation = 0.7 5.73 5.05 6.56 7.23
Figure 4-13: Correlation effect on the receive diversity, link level, 1x2 configuration
Comparing PA(3) with VA(3) in Figure 4-13 clearly demonstrates the impact of correlation on flat 
and frequency selective channels. In zero correlation case, almost the same performance is 
observed for both aforementioned channels, but as correlation increases, vehicular A outperforms 
pedestrian A channel, as vehicular A still can get benefit from multipath diversity gain.
4.6.3 Performance of Transmit Diversity Schemes
Figure 4-14 depicts transmit power gains of different diversity schemes compared with NTD case 
in PA channel, with 2x1 configuration where the results are categorized according to corresponding 
correlation.
By recalling that in OMRTD both phase and power are adjusted with beam-forming weights, 
thanks to availability of perfect CSIT so literally this scheme makes the upper bound of the 
achievable performance.
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Pedestrian A, 2x1
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4.00
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5 1.00
0.50
0.00
m OMRTD 
mOEGTD 
■ PBTD
correlation (0.0) 
4.32 
3.78 
3.18
correlation (0.3) 
4.17 
3.67 
3.08
correlation (0.7) 
3.48 
3.16 
2.88
Figure 4-14: Transmit pow er gains against no transmit diversity, link level,
2x1 configuration, pedestrian A channel
Figure 4-15 depicts the performance of diversity schemes in PA, 2x2 configuration. On average, 
ALG02 performs slightiy better than PBTD. This observation is important as it shows that in 
single UE scenarios, because of absence of interference, the TPC command is reflecting exactly the 
channel variations in PA and the system doesn’t benefit from having one additional feedback bit. 
In highly correlated case, ALGOl performs weaker than other schemes which shows that in low 
channel variations, and absence of interference, the conventional power control mechanism is quite 
efficient and ALGOl methodology doesn’t provide any additional gain to the system and PBTD is 
a strong candidate for practical implementation.
K ey O bservations an d  Effects
• OMRTD and OEGTD schemes outperform all the other schemes, as there is perfect 
CSIT available for the beam-former to adjust the weights without any feedback delay 
effect.
• In highly correlated channel, OMRTD does not provide any significant improvement 
against OEGTD, as effect of phase steering is much more dominant than amplitude 
coefficients.
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• As correlation between diversity branches increases, the diversity gain decreases as well, 
this behaviour is expected as there is less spatial diversity left to be exploited in block 
fading channel.
• As correlation between diversity branches increases, difference of diversity gain between 
OMRTD and OEGTD decreases as well.
Pedestrian A, 2x2
3.50
correlation (0.0) correlation (0.3) correlation (0.7)
■ OMRTD 2.99 2.84 2.89
■ OEGTD 2.55 2.59 2.71
■ PBTD 1.91 1.87 2.25
m ALGOl 2.39 1.87 0.65
b ALG02 2.15 2.13 2.30
Figure 4-15: Performance gains o f  diversity schemes fo r  link level, 2x2 configuration, pedestrian A channel
Figure 4-16 depicts the performance gain of studied diversity scheme in VA channel with 2x2 
antenna configuration and Figure 4-19 depicts the overall average gains for all speeds. The 
correlation effect has been averaged out in order to categorize the results based on the UE speed, 
and the detail results are presented in Figure 4-17 and Figure 4-18.
V ehicular A, 2x2
3.00
g  2 .50
.£ 2 .00  
(0% 1 .50
0  1.00 
>|  0 .50  
0 .00
it
II:
■ gA#
0 #
■
l i f e
*
1
V(3) V(30)
■ OEGTD 2.23 2 .34
■ OMRTD 2.22 2.62
* PBTD 1.75 1.50
■ ALGOl 2 .64 1.53
■ ALG02 1.82 1.33
Figure 4-16: Transmit diversity gains fo r  link level, 2x2 con figuration, vehicular A channel, correlation 0.3
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V ehicular A, 2x2
■ OEGTD (V=3)
■ OEGTD (V=30)
■ OMRTD (V=3)
■ OMRTD (V=30)
■ PBTD (V=3)
■ PBTD (V=30)
■ ALGOl (V=3)
■ ALGOl (V=30)
■ ALG02 (V=3)
■ ALGO2(V=30)
■ NTD (V=3)
NTD (V=30)
correlation(O .O ) co rre la tio n (0 .3 ) co rre la tio n (0 .7 )
Figure 4-17: Transmit pow ers o f  diversity schemes fo r  link level, 2x2 configuration, vehicular A channel
V ehicular A, 2x2
3.50
3.00
0.00
correlation(O.O ) co rre la tio n (0 .3 ) co rre la tio n (0 .7 )
OEGTD (V=3) 1.75 2.16 2.77
OEGTD (V=30) 2.04 2.30 2.67
OMRTD (V=3) 2.03 1.97 2.67
OMRTD (V=30) 
PBTD(V=3) 
PBTD(V=30) 
ALGOl (V=3) 
ALGOl (V=30) 
ALG02 (V=3) 
ALG02(V=30)
2.36
1.25
0.23
2.53
0.53
1.43
0.31
2.63
1.69
1.86
2.60
1.76
1.80
1.61
2.87
2.32
2.41
2.80
2.29
2.24
2.07
Figure 4-18: Diversity gains o f diversity schemes fo r  link level, 2x2 configuration, vehicular A channel
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K ey Observations an d  Effects
• ALG02 performance is the same as PBTD, which confirms that same as PA channel, in 
VA channel in the absence of the interference, TCP command reflects the channel trace.
• ALGOl outperforms other schemes in both VA(3) environment, but the performance in 
VA(30) is weaker than other schemes. This confirms the fact that the CLPC is fine tuned 
for 30 km/h for legacy HSUPA system.
• In pedestrian A channel, as correlation between diversity branches increases, difference of 
diversity gain between OMRTD and OEGTD decreases. This observation is similar to the 
observations of 1x2 configuration. The reason is when the transmit antennas are at a close 
proximity or there is not enough scattering in the environment, the fading gains of the 
antennas are correlated and hence un-equal power assignment between diversity branches 
does not have the same efficiency as uncorrelated case. Therefore, in correlated scenarios 
of pedestrian A, one may choose the diversity schemes based on equal gain transmission 
techniques.
V ehicular A, 2x2
—  3.00
1 .  2 .50 
,E 2.00 
5  1.50
■t 100
I  0 .50  
Q 0.00
OEGTD
OMRTD
PBTD
ALGOl
A verage gain 
2.28  
2.42 
1.63 
2 .09
OEGTD 
OMRTD 
PBTD 
ALGOl 
A LG 0 2
ALG02 1.58
Figure 4-19: Transmit diversity gains fo r  link level, vehicular A channel, speed averaged out
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4.6.4 Impact of ALGOl on NTD
The impact of employing ALGOl for NTD has been studied by plugging in the ALGOl power 
control mechanism into legacy power control system. Figure 4-20 and Figure 4-21 represents the 
power control gains for VA and PA channels respectively. In line with the observations for 
diversity cases, the performance is improved for the VA channel, especially for speed of 3 km/h 
case, which shows the ALGOl power control efficiency for these channel conditions.
1.20
1.00
0.80
0.60
0.40
0.20
0.00
V ehicular A, 2x2
correlation(O.O ) co rre la tion (0 .3 )
A verage  g a in  = 0 .6 6  dB
co rre la tio n (0 .7 )
NTD_ALG01 (V=3) 0.91 0.87 0.99
■ NTD_ALG01 (V=30) 0 .30 0.44 0.25
Figure 4-20: A L G O l pow er control gain fo r  NTD, link level
P ed estra in  A, 2x2
A verage gain = 0 .0 6  dB
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0.15
m 0 .10  
S  0 .05  
5  0 .00  
-0 .05 
-0 .10  
-0 .15
"  ' ■ r .......
■ H E
correlation(O.O ) co rre la tio n (0 .3 ) co rre la tio n (0 .7 )
b NTD_ALG01 (V=3) 0.22 0 .06 -0 .11
Figure 4-21: A LG O l pow er control gain fo r  NTD, link level
4.7 System Level Performance Metrics
In this section system level performance metrics of the transmit diversity schemes are presented. 
The system level simulations have been conducted in order to address the impact of multiple access
73
Chapter 4. Performance Analysis
and interference effects on the system performance metrics. Some of the practical issues such as 
TCP command delay have been studied for single UE case, but better insights will be achieved 
when the system wide simulations are done. The importance o f the system level performance 
metrics are based on the fact that link or single UE performance analyses are not always 
representative o f  overall system performance. In other words, even though link performance 
measures provide very good insights into the behaviour o f different schemes, but verification o f the 
methods under multi user environment and examination o f the performance in multi user 
environment will validate the design conclusion.
In the rest o f this chapter, the simulation results for flat fading channel (pedestrian A) and 
frequency selective channel (vehicular A) are presented and the trade-offs between coverage and 
capacity and their relation with RoT are discussed for simulated schemes. Simulating all 
combinations o f speed and correlation was not possible due to huge number o f scenarios, so 
correlation 0.3 for both PA and VA channels has been selected and the results for 3 km/h and 30 
km/h for VA channel are presented.
4.7.1 Flat Fading Channel
Figure 4-22 depicts the RoT variations vs. number o f UEs for diversity scenarios in PA channel.
In NDT and ALGOl scenarios, the highest RoT level is observed, which is in line with the power 
gain observations in single UE case and from Figure 4-23 it is clear that due to higher power 
transmission in these schemes, RoT is not maintained around target level (7 dB) and hence the 
system is overloaded. It is interesting to compare ALGOl performance in single link case for PA 
channel, which resulted in 1.87 dB gain against NTD, with performance o f multiple UE case for 
PA, which doesn’t show a very significant gain. Firstly, this observation shows importance o f  
system level simulation for validating link level gains. Secondly, in order to improve ALGOl 
performance for PA channel, the power control mechanism o f ALGOl requires fine tuning, which 
is subject to further studies.
From RoT metric perspective, A LG 02 algorithm is performing near optimum point, and PBTD 
performing slightiy above ALG02. Their performance will be analysed after studying other 
performance metrics o f the system for PA channel in the following sections.
Optimum and sub-optimum schemes are within operating region until 6 UEs per cell. It means 
their RoT level is below target RoT up to 6 UEs per cell, but this may not guarantee the same 
amount o f data rates for all the UEs in the system. RoT target o f 7 dB is equal to 80% loading and 
hence UEs which are in poor channel conditions, or located at cell edge may not be able to get 
enough power transmission grant to be able to maintain the requested data rates.
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RoT, Pedestrain A, 2x2
co-a
14.00
12.00
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Number of UEs per Cell
1 2 3 4 5 6 7 8
-♦ -O M R T D 0.99 1.86 2.89 3.82 5.36 6.78 7.96 8.57
- • - O E G T D 1.01 2.20 3.17 4.34 5.35 6.87 8.14 8.73
—Ér—PBTD 1.10 2.21 3.54 5.19 7.20 8.26 9.29 10.92
- * - A L G 0 1 1.71 3.88 7.30 8.49 8.91 9.10 9.35 9.24
-4W -ALG02 1.04 2.17 3.34 4.21 6.04 7.52 8.26 8.81
- # - N T D 1.63 5.17 8.05 9.05 9.00 9.02 9.92 11.61
Figure 4-22: RoT vs. Number o f  UEs p er  cell fo r  system level, 2x2 con figuration, pedestrian A channel,
correlation 0.3
UE Tx Power, Pedestrain A, 2x2
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Figure 4-23: UE Transmit pow er fo r  system level, 2x2 configuration, pedestrian A channel, correlation 0.3
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Cell Throughput, Pedestrain A, V=3, 2x2
700.00 --------------------------------------------------------------------------------------------------
Number of UEs per Cell
u.uu
1 2 3 4 5 6 7 8
OMRTD 116.79 233.83 350.58 467.72 575.36 623.47 526.25 363.92
—■ —OEGTD 116.68 233.71 350.54 467.54 577.17 612.07 474.71 322.07
-& -P B T D 116.78 233.69 350.16 466.88 520.95 410.30 260.44 225.96
-W —ALGOl 115.70 231.52 326.68 318.25 297.52 310.69 276.78 277.60
ALG02 116.72 233.67 350.44 467.65 570.22 567.17 405.83 282.30
- e - N T D 116.42 232.21 315.66 292.32 302.73 241.65 217.87 215.91
Figure 4-24: Cell throughput fo r  system level, 2x2 con figuration, pedestrian A channel, correlation 0.3  
Figure 4-24 represents the cell throughput and Figure 4-25 depicts the UE throughput for the 
studied cases of PA channel, which provide the final verdicts about capacity and coverage metrics 
of the diversity schemes in PA channel.
UE Throughput, Pedestrain A, V=3, 2x2
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Figure 4-25: UE throughput fo r  system level, 2x2 configuration, pedestrian A channel, correlation 0.3
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4.7.1.1 Capacity and Coverage Trade-Offs in Flat Fading Channel
Firstly the trade-offs between coverage and capacity for one of the optimum cases as a template is 
presented. The same conclusions are valid for performance of other schemes. As mentioned 
before, from RoT graph, EGTD scheme performs within operating region up to 6 UEs per cell, if 
one look at the cell throughput for 6 UEs per cell, it is evident that after this amount of UEs per 
cell, the cell throughput starts to shrink and adding the UEs into system, reduces the overall 
aggregated system throughput. So from system capacity point of view, target RoT provides the 
upper bound of the achievable capacity in the multiple access channel, where operation beyond 
that point will not benefit the system capacity at all. From individual UEs point of view, as depicted 
in Figure 4-26, for EGTD, almost all UEs are getting their maximum achievable rates when 
number of UEs are 4, and from that point average UE throughput starts to drop. It means UEs 
with poor channel conditions, are not able to achieve requested data rates. Therefore, the region 
between 4 UEs and 6 UEs is the trade-off region between coverage and capacity, and if one 
designs the system for 4 UEs, it gets the maximum coverage and for 6 UEs gets maximum 
capacity.
A v e r a g e  T h ro u g h p u t, 2 x 2 , PA (3), OEGTD
200 -  -
—  UE(1)
—  UE<2)
M M l  UE(4) 
! | UE(5)
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■ ■  UE(8)
! ■
Cell T hro u g h p u t UE T h ro u g h p u t
Figure 4-26: A verage Cell and UE throughputs o f  OEGTD, system level, 2x2 configuration, pedestrian A
channel, correlation 0.3
As depicted in Figure 4-27, RoT level in 4 UEs per cell case with probability of 0.95, remains below 
target RoT level of 7 dB, and hence 95% of the UEs are enjoying 90% of maximum achievable rate 
as depicted in Figure 4-28.
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Figure 4-27: RoT CDF o f  OEGTD, system level, 2x2 configuration, pedestrian A channel, correlation 0.3
Note that maximum achievable throughput for a single UE is equal to 128 kbps in the scenarios, 
since transport block size is fixed to 256 bits and TTI duration is 2ms.
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Figure 4-28: CDF o fU E  Throughput fo r  OEGTD, system level, 2x2 configuration, pedestrian A channel,
correlation 0.3
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4.7.1.2 Performance of Practical Schemes
The main performance metrics are summarized by averaging the corresponding values within 
operation region o f the system (4-6 UEs). The results are shown in Table 4-3 below. PBTD 
outperforms ALGOl, as conventional power control mechanism is quite efficient for fiat fading 
environment, but despite single UE case, A LG 02 is superior to PBTD, which indicates the effect 
o f interference mitigation on PBTD. Note that A LG 02 is using additional dedicated feedback 
channel for only channel trace, and hence as expected, in comparison with PBTD, it is more robust 
to the interference variations in multi UE, multi cell environment.
Table 4-3: Summary of achievable gains of practical transmit diversity schemes against no transmit
diversity in pedestrian A channel
PBTD 7.6 67 32
ALGOl 3.3 11 0
A LG 02 9.4 92 41
From abovementioned results for A LG 02, a huge capacity and coverage gains for flat fading 
channel are observed with expense o f only one additional feedback bit This may be viable for 
practical implementation to trade-off a small portion o f the downlink bandwidth (1500 
bits/second) for almost doubling the capacity o f the system and 41% increase in the coverage at 
the same time.
PBTD scheme is very interesting too, without any modification on feedback protocol, and only 
addition o f one additional antenna on the mobile units, one can achieve 67% gain in capacity and 
32% gain in coverage at the same time.
It is noted that current design o f ALGOl, does not benefit flat fading channels and implications o f 
implementation o f this scheme, makes it not practical for the real systems, but the same as other 
control mechanism, it highly depends on optimization o f control parameters o f the algorithm and 
further studies are required to make final statement about ALGOl performance in flat fading 
channels.
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4.7.2 Frequency Selective Channel
In this section, the performance metrics of vehicular A channel for velocity of 3 km /h and 30 
km/h and transmit correlation of 0.3 for 2x2 antenna configuration are presented.
Figure 4-29 and Figure 4-30 depicts the RoT measure of this scenarios, and Figure 4-31 presents 
probability density distribution of the RoT for 30 km/h case. It is evident that all the cases except 
NTD are holding the target criterion of 7 dB up to 5 UEs per cell. NTD scheme is within 
operation region up to 4 UEs per cell.
RoT, Vehicular A, V=3, 2x2
Number of UEs per Cell
u . u u
1 2 3 4 5 6 7 8
—♦ —OMRTD 1.10 2.00 3.17 3.87 5.23 7.12 7.92 8.46
—B —OEGTD 1.13 2.06 3.28 4.00 5.41 7.30 8.08 8.63
—♦ —PBTD 1.12 2.25 3.14 3.99 5.87 7.48 8.16 8.72
ALGOl 1.27 2.42 3.73 4.76 6.41 6.74 7.49 7.63
"4Kr-ALG02 1.16 2.12 3.22 4.18 5.98 6.82 8.17 8.74
- « - N T D 1.21 2.54 4.80 6.45 7.81 8.60 9.41 10.88
Figure 4-29: R oT vs. Number o f  UEs p er  cell fo r  system level, 2x2 configuration, vehicular A channel,
velocity 3 km/h, correlation 0.3
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RoT, Vehicular A, V=30, 2x2
coTJ
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- * — PBTD 1.45 3.06 4.43 5.78 7.38 7.94 8.34 8.90
-W -A L G O l 1.58 3.02 4.66 6.24 7.34 7.58 8.09 8.16
"-)K— A LG 0 2 1.58 2.94 4.72 6.37 7.53 8.17 8.39 9.45
- e - N T D 1.49 3.25 6.44 7.63 8.15 9.30 10.31 11.81
Figure 4-30: RoT vs. Number o f  UEs per cell fo r  system level, 2x2 configuration, vehicular A channel,
velocity 30 km/h, correlation 0.3
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Figure 4-31: CDF o f cell R oTfor system level, 2x2 configuration, vehicular A channel, velocity 30 km/h,
correlation 0.3
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UE transmit power and received signal strengths at the base stations provide proper justification 
for RoT statistics. Figure 4-32 depicts CDF of UE transmit power for VA(30) case. It is observed 
that NTD case requires higher transmit power than other cases, and hence the home cell and other 
cell interferences are higher as well which results in higher RoT.
UE TxPower, 2x2, VA(30)
0.9
OEGTD 
OMRTD 
ALGOl 
ALG02 
PBTD 
•  NTD
0.2
-30 -25 -20 -15 -10 ■5 0 5 10 15 20
TxPower (dB)
Figure 4-32: CDF o f  UE transmit pow er fo r  system level, 2x2 configuration, vehicular A channel, velocity
30 km/h, correlation 0.3
Figure 4-33 and Figure 4-34 depict CDF and PDF of the UE received signal power for VA(30) 
case respectively. Optimum schemes show higher receive signal power compared to practical 
schemes, this is justified by proper transmit beam-forming weights due to full channel knowledge 
at the receiver side in these schemes. Received signal power for NTD case on average is around 2 
dB less than practical beam-forming schemes, which shows effect of phase adjustment (beam- 
forming in EGT) using imperfect channel knowledge.
Another important metric is the FFactor statistics. Figure 4-35 and Figure 4-36 show CDF and 
PDF of FFactor for VA(30) channel respectively. From PDF graph, it is evident that variance of 
FFactor in NTD case is higher than other cases, which in turn results in less cell throughput and 
coverage.
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Figure 4-33: PDF o fU E  received signal pow er at the base station fo r  system level, 2x2 configuration, 
vehicular A channel, velocity 30 km/h, correlation 0.3
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Figure 4-34: CDF o f UE received signal power at the base station fo r  system level, 2x2 con figuration,
vehicular A channel, velocity 30 km/h, correlation 0.3
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Cell FFactor, 2x2, VA(30)
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Figure 4-35: PDF o f  FFactor fo r  system level, 2x2 configuration, vehicular A channel, velocity 30 kn'i/h,
correlation 0.3
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Figure 4-36: CDF o f  FFactor fo r  system level, 2x2 configuration, vehicular A channel, velocity 30 km/h,
correlation 0.3
84
Chapter 4. Performance Analysis
Same as pedestrian A case, it is required to investigate UE throughput and Cell throughput metrics 
in order to find out about capacity and coverage. Figure 4-38 and Figure 4-40 represent UE and 
Cell throughput metrics respectively and Figure 4-41 depicts UEs transmit power for VA(30) case. 
NTD average UE throughput starts to shrink from 3 UEs per cell and other cases shrinking point 
is 4 UEs per cell.
UE Throughput, Vehicular A, V=3, 2x2
o.
Û
£
-s3O
140.00
120.00 
100.00
80.00
60.00
40.00
20.00 Number of UEs per Cell
^ u.uu 
D 1 2 3 4 5 6 7 8
# OMRTD 118.60 118.91 118.85 118.93 116.72 96.80 79.12 59.65
-«-O EG TD 118.54 118.92 118.81 118.94 116.49 94.95 78.39 59.09
- A - PBTD 118.55 118.89 118.79 118.85 111.78 91.48 74.52 59.74
—4^-ALGOl 113.08 113.08 113.08 113.04 111.16 109.33 93.52 87.84
— ALG02 118.46 118.80 118.78 118.93 113.59 100.47 73.73 59.56
- A - NTD 118.45 118.67 118.45 116.03 98.70 69.72 59.08 54.76
Figure 4-37: UE throughputs fo r  system level, 2x2 configuration, vehicular A channel, velocity 3 km/h,
correlation 0.3
UE Throughput, Vehicular A, V=30, 2x2
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Figure 4-38: UE throughputs fo r  system level, 2x2 configuration, vehicular A channel, velocity 30 km/h,
correlation 0.3
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Cell Throughput, Vehicular A, V=3, 2x2
700.00
Number of UEs per Cell
u.uu
1 2 3 4 5 6 7 8
— OMRTD 116.83 233.91 350.54 467.67 579.61 595.11 507.70 287.27
-S -O E G T D 116.81 233.90 350.43 467.69 578.58 581.16 493.83 279.49
-A -P B T D 116.81 233.81 350.42 467.48 562.44 534.01 402.72 291.72
- ^ - A L G O l 115.41 230.85 346.34 461.74 562.39 651.59 627.62 648.40
#  ■ ALGQ2 116.74 233.76 350.45 467.70 569.30 610.78 448.41 273.24
—♦ “ NTD 116.66 233.65 350.03 457.40 457.61 284.40 236.03 228.76
Figure 4-39: Cell throughputs fo r  system level, 2x2 configuration, vehicular A channel, velocity 3 km/h,
correlation 0.3
Cell Throughput, Vehicular A, V=30, 2x2
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— OEGTD 116.41 232.88 349.20 465.36 545.04 483.14 411.40 253.66
-É -P B T D 116.34 232.76 348.79 459.11 466.21 389.51 313.60 252.47
" ALGOl 116.22 232.47 348.83 461.60 497.24 564.95 524.95 416.56
-M -A L G 0 2 116.27 232.63 348.83 451.78 443.57 378.72 294.35 240.96
- ♦ - N T D 116.30 232.68 333.58 378.89 336.80 236.40 221.92 219.22
Figure 4-40: Cell throughputs fo r  system level, 2x2 configuration, vehicular A channel, velocity 30 km/h,
correlation 0.3
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UE Tx Power, Vehicular A, V=30, 2x2
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Figure 4-41: UE transmit pow er fo r  system level, 2x2 configuration, vehicular A channel, velocity 30 km/h,
correlation 0.3
4.7.3 Performance of Practical Schemes
Same as pedestrian A channel, the main performance metrics are summarized by averaging the 
corresponding values within overall operation region of the system (3-6 UEs). The results are 
shown in Table 4-4 below. In line with the single UE observations, ALGOl outperforms the other 
schemes, and ALG02, even with utilizing one additional feedback bit is behind ALGOl and 
almost the same as PBTD.
Table 4-4: Summary o f  achievable gains o f  practical transmit diversity 
schemes against no transmit diversity in vehicular A channel
PBTD 6.29 29 13
ALGOl 6.54 46 19
A LG 02 6.32 28 12
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Despite flat fading channel, ALGOl is the superior scheme in frequency selective channel, with 
46% improvement in capacity and 19% improvement in coverage. ALG 02 and PBTD are 
performing almost the same, which indicates the power control and phase tracking mechanism 
cannot exploit additional feedback channel towards improving the system performance indexes in 
VA channel.
4.8 Summary
In this chapter, performance evaluation framework has been described in details and the 
methodology for examining the performance o f transmit diversity schemes were explained.
A semi analytical discussion for relation between cell capacity and RoT provided and the operating 
region o f a typical uplink WCDMA system were explained. The main performance metrics are 
defined and through simulations o f single and multi UE scenarios, the system performance indexes 
are evaluated for studied diversity schemes, as well as no transmit diversity scheme as benchmark. 
Following tables provide the summarised results o f the observations:
Table 4-5: Diversity schemes gains against no diversity for Single UE, 2x2, Correlation 0.3
P B T D P A 1 .8 7
A L G O l P A 1 .8 7
A L G 0 2 P A 2 .1 3
P B T D V A ( a v g ) 1 .6 3
A L G O l V A ( a v g ) 2 .0 9
A L G 0 2 V A ( a v g ) 1 .5 8
Table 4-6: Diversity schemes gains against no diversity for Multi UE, 2x2, Correlation 0.3, Pedestrian A
P B T D 7 .6 6 7 3 2
A L G O l 3 .3 11 0
A L G 0 2 9 .4 9 2 4 1
Table 4-7: Diversity schemes gains against no diversity for Multi UE, 2x2, Correlation 0.3, Vehicular A
P B T D 6 .2 9 2 9 13
A L G O l 6 .5 4 4 6 1 9
A L G 0 2 6 .3 2 2 8 12
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K e y  O b s e r v a t i o n s  a n d  E f f e c t s
•  In all cases, big differences between single UE transmit power gains and corresponding 
multi UE power gains are observed. This is due to the fact that any reduction in transmit 
power in multiple access channel, reduces the interference in inter-cell and intra-cell, and 
hence the power gains against no transmit diversity are quite high. The same is true across 
the diversity schemes as well.
•  PBTD outperforms ALGOl in pedestrian A channel with multi user scenarios, whereas in 
single UE case the performance is almost the same. This is due to the fact that the power 
control mechanism in PBTD is much more efficient than ALGOl in flat fading channel.
•  For pedestrian A channel, employing ALG 02, could almost double the capacity o f the 
system, with expense o f only 1 bit signalling overhead in the downlink.
•  Under correlated channel regime, where diversity branches are highly correlated, un-equal 
power assignment between diversity branches (MRTD) does not provide considerable 
gains against equal power distribution between branches (EGTD). Therefore, in correlated 
channel scenarios, one may choose the diversity schemes based on equal gain transmission 
techniques which are able to provide considerable diversity gains with very robust 
implementation aspects.
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Chapter 5
5 Conclusions and Future Research
This chapter provides the main outcomes o f the research work accomplished in this thesis and 
further outlines the path for future research in this area.
5.1 Conclusions
In this thesis transmit diversity in presence o f limited feedback for uplink o f a multi-user MIMO 
system was addressed and two novel beam-forming algorithms were proposed.
In this work the focus was on transmit beam-forming techniques for multiple access channels 
which are known to be interference limited.
Currently transmit beam-forming is not employed in the uplink of multiple access air interfaces 
(such as HSUPA) and this study may contribute on design o f future generations o f cellular mobile 
networks. Generally transmit beam-forming algorithms addressed in this work are trying to adjust 
transmitted signals properties in multiple transmit antennas in a way that they are combined 
constructively at the receiver side. It is important to note that the same data streams are transmitted 
from all diversity branches. The main difference between algorithms lies in how to adjust or
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calculate the beam-forming vectors. In this work, computations o f optimum beam-forming weights 
are discussed using Eigen analysis.
The main problem for calculating beam-forming weights is the absence o f channel state 
information at transmitter side. For theoretical cases, it was assumed that this information are fully 
available at transmitter side, and for practical schemes, in absence o f dedicated feedback channel 
for beam-forming, this information are not available.
It was shown that for overcoming the feedback problem, practical algorithms are coming with 
intuitive methods for utilizing other feedback channels in the legacy systems for acquiring channel 
state information. In this work feedback effect on transmit diversity was discussed and perfect and 
imperfect cases were analysed. For perfect beam-forming methods, two schemes were described, 
namely OMRTD and OEGTD, which are optimum and sub-optimum cases for uplink transmit 
beam-forming. For practical beam-forming methods, two most recent schemes which are proposed 
recently by industry parties were analysed, namely PBTD and SATD schemes. It was shown 
analytically that how utilizing one bit feedback channel, may help increasing received signal strength 
and improve system capacity for a single link and equivalently can be translated to reduction in 
power transmission.
All practical algorithms are utilizing at least uplink transmit power control commands as feedback 
information, in order to adjust beam-forming weights. Two novel algorithms for uplink transmit 
beam-forming were proposed, namely ALGOl and A LG 02 and implementations issues o f all 
practical algorithms were discussed in details and inter actions with other components o f the uplink 
system were addressed.
In ALGOl a new power control mechanism is proposed, which uses HARQ feedback channel as 
well in order to construct beam-forming weights and perform power control. In A L G 02 it is 
assumed that there exists a 1 bit additional feedback channel for beam-forming.
It was shown that it is possible to improve uplink system capacity up to 92% in pedestrian A  
channel and up to 46% in vehicular A channel using transmit diversity schemes, and at the same 
time, coverage o f the system could be improved by 41% and 19% respectively.
It was also shown that how information side (in this case TCP commands and HARQ 
ACK/NACK commands) can be utilised in order to enhance system performance metrics and 
increase spectrum efficiency. It is noted that with sacrificing only bit channel bandwidth in the 
opposite direction (downlink) and utilizing it as a new feedback channel (ALG02) it is possible to 
enhance the system robustness and overall performance.
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5.2 Future Research
Here a few paths towards extending the research summarized in this thesis are presented:
•  For analytical derivations, all through this thesis a frequency flat channel is considered. This 
assumption is realistic for narrowband signals. It would be interesting to extend the scope 
o f analytical framework o f this work to frequency selective channels as well.
•  The closed-form expressions derived in Chapter 3 for SNR, are valid for un-correlated 
transmit branches. The study of the performance o f the practical systems can be extended 
to correlated transmit antennas as well.
•  The performance gains o f diversity schemes in uplink o f a WCDMA system have been 
evaluated, it would be interesting to evaluate the performance o f OFDMA systems such as 
LTE and WiMAX employing uplink transmit diversity schemes.
•  In this thesis the channel estimation is assumed to be perfect and there is no feedback 
error, and only feedback delay effect is taken into account. Future works can focus on 
assessing the performance o f the novel proposed algorithms in a case where channel 
estimation is not perfect or other disturbances affect the feedback channel.
•  In ALGOl a new power control mechanism for wireless cellular systems is proposed, the 
underlying concept o f the algorithm can be extended to other deployment scenarios, such 
as relaying and femto networks.
•  It would be interesting to design a multi environment channel adaptive algorithm for 
transmit diversity, where transmitter switches the algorithms according to the system 
channel profile.
•  In this work, practical beam-forming schemes are studied for two transmit antenna case. 
Studying higher number o f transmit antennas and corresponding phase tracking algorithms 
would be interesting.
•  It would be interesting to investigate effects o f higher speeds such as 60 km /h and 120 
km/h on the system performance.
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